
\t /N -4-o2.
 

Environmental requirements 
for successful Azolla growth 
T.A. LIUM PKIN 
l)epa.+tneiit of t'g anoil, olid Sit 
Washington State U iverit

,, 

Pullhnat, Washington, 99to--6420. USA 

Az /a is traditionalky grI wi under ccol, wet conidititns. The p'a.t 
prefors a placid water sitface, teniperatures hetwcc 20 l,] 35 o(-, 

wutcr pH of1 4-7 and rich in all Cscntial plAnt notrtlls except N, 

s o1tion salt CoIteni i. '.. to 2 ,lul1[ loietiOxpOsr-C "lnlight,
dal tn free loin t'ro toi in hcct idtdi s...sth,:riod cc.ompetito r-, *,, l'fl'nrts 

to eNpX. k Its tise Inthe 1h11id tropics k 'illitcd andhi as e int Vli '!,cCcss 
a host of cli'irttInital p,+oltCi>. I iehteIperaiL!C,e And ImiiditV 
,dmolate insccts and disas', th~at a.ltial-!:.. . 'i. Alg l hl oins cottpeie 

t a chanc and poor ,.\rcasfor and cause I'tr-bi p n J s J.:tec ii 

.
dcpcndcat i Itollntooir rains rarcl have waucr ftr iiltiplying ..1o/ht 

beftre tho rice grts ine se',st and ust+allc ,if r !rot iiertaittent 
drought,, whichtt dcsiccate i ttercropped .I-,/1.Exce sie rainfall and 
typhoons can cause flooding, which can va- aw-a ite entire Azolla 
ciop. Water is tsuallv dcfi:,cnt in P and the applications of phoiphate 
fcrtilizer and posihly otlr nttrient', t-ch as Fc, N to,and K are 
required ;or the ,-la,// crop. 

,
A 2o/ba is an aquatic crii whicI has potential l'r expandcd use as a green 
manure for rice. In placid water where available N i:low, A colla has a 
coampetitive advantage over other floating plants because of its symbiotic 
relationship with N-fixing cndophx tic cvan:obacteria called ..Lbua ena azollae.1 
Thc .Inala.,za can ,upplN the :ntirc N requireme.nt of the Azolla even at 
growth rates of about 35h'/d. In tur-n, under suitable environmental 
condit'uns, A .o//, can supply the entire N requirement tiar a high-yielding rice 
crop (50-100 kg N) in 10-20 d. For examp!e, an A co/lh mat weighing 10 t/ha 
and increasing its biomass at 210/,/'d, (relative growth rite [RGRJ of0.2) could 
fix up to 4.8 kg N/d, assuming a 6% dry weight and a N content of 4% dry 
weight, i.e , 10,000 kg fresh wt >K0.2 RGR X 0.06 dry wt X 0.04 N dry wt. 

Azolla is also "tore cold tolerant than most other aquatic plants. This 
tolerance allows Azolla to tlourish during cool seasons with little competition 
from other plants and damage from pcsts. Chinese (30) and Vietnamese (46) 
farmers recognized Aco//,'b potential and have utilized it for centuries as a 
cool-season grefen manure. In China, Aco/la is grown in the south during 
winter and cultivation advances north to central Chiina with the coming of 
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spring to ,-..ver an area estimated to le more than 680,000 ha. In northern 
Vietnam, A ..- /a is primarily grown during winter and was reported to cover 
an area of 700,000 in 1(78 (7). 

Outside of China and ietnam, very few rice producing areas in tihe world 
have a wet-cool scason for growinlg A 20/h,1 hCf'or the rice season. Usualy 
water is not available or tcmpcraturcs ark: very high before rice is tr':nsplantcd, 
such as in the lonths beotre the monsoon Iin th ald SOut hea>t Asia. 

Even ifenvironimntal condit ion, are f'avorable, :.-oell is uSuallV difficult 
to grow. For Field inlIt iplication ofl 7/i, larir will nCCd I- Iofi 0o/hi / ha 
as planing i Ihi, iasivC ;amounllt (I jlit!aeriah material will be expensive 
and Illu.!st col fo'Oll e of, thlC baic "orce or comIbiations of these 
sOLlrce's As illustrtcd iII Lieurc large-scale uIs spores 12, 13, 14,I. IcL:dUsC US 
18, ,17, 60is no "et POpssiblc, .arm1rs mlutl cither keep a niurscry throughout 
the off-season or huY 1.1, lant rMaIcrial from people who grow .1 za/h, for 
sa.e. PCople who produce, A1/ nlartrI mIterial 'for sale nia\y also grow 
A2-//,i throrUe,,l<,tI tc seacir s,oIlOddc Cr duck,, or fish. This combined 
typC of systcII mat he mnlot ,rac IIcal tOr the rr1pi,:s a1id should be encouraged 
by govr rIncrllcpro(grams1,. I ":d.r prodLCC Ian multi ply h r A :,//a stocks 
anid scll to firllr> a1,I.r .- " oll ipproachc,. 

A plalrtIlnI level ,I'lC- I ra is nceCsry t Io ldcltl ItI a[vailableMCily exploit 
water alnd stinligi. 'From lhis level, the s muIri!plied11,,/' in the fIeld as a 

.onocrop or iittrcrop to :itt ail a binmiass of I0-St . l:r)m this level a single or 
multiple soil incorpOrations are carric out sO thai .7/h N can become 
available to A !lP1iowing or sanding r*oe crop. "'hC level of t20/, bio-iats.; 
varies accordi10 "o,_roppilrg intensity and cnvi rotumcnt. Bioinass is kent at a 
lower dnciity under intensC cropping 'o at.'1.,/1, rate ofkeep iits highest 
productivity on a unit ara basi's ' 10). Onhy lower h:ve 1 of' lsioinass 10-30 t/ha) 
are currenty possile tinder hot humid conditions bcause of insect and 
disease problems. 

su o P.s -1,yFooder 

Ric \ Rice Rice 

1. The three basic methods of maintaining Azolla planting material during off-seasons. 'hese methods 
can be combined. About 3 wk nst he af'wed for germinimon of'spores and development to dividing 
plant . 



FNVI ItoNMF.1N IAl. REQVIREA IFNTS FOR St;iCESS't'.FU I.iZ)LL-I GROWTH 91 

International (15) and national institutions are currently selecting 
varieties and developing management practices that will allow Azolla to 
become an important green manure for rice farming systems in the tropics. 
A /ollacultivation in China and Vietnam is generally 'ninited to cool seasons 
because hot humid weather brings a host of environmental problems to an 
A Zola crop (26). These problems are sO deva;<a~ing that most tarmers .vill not 
attempt summer cultivation of A'/bl in paddy fields. I describe the 
environmental rec uireiefls t'or cultivatio in hot humid cJinditions and 
review research; articles about cnvirol ciintal constraints. I will expand on 
previous reviews of ' ,l/,i literature .1. 27, it), ii). 

F N% ItON3,EN IA\1 RFQl '1IR1.\MF IS 

Climate, especially the climatic v\at iables that affect A J.'VLgrowth, is difficult 
to manipulate. To detcrlmine the clilllatIc variables am interactions that most 
infiuctce A 2/,l,,growth, climatic variables were regressed on the RGR of 
A4.o//a species (28) that had been grown in a year-rotnd pot experimenz (2). 
The correlIatbin analysis ofdatt recorded during Ito humid weather indicated 
that tempe rature and hainiditV had a negative etfect on growlh rate and solar 
radiation had a positivC infitience. 

Although it n1,2v bc possible to develop manageinclnt practices that give 
some degree of cotmrol over these ,'auiablcs ,52), the enviroimnent in which 
Az o/l lives enconpasses many oither interacting factors. For example, 
A ol//'s susceptibility to ii,ogal pathogeis probabl" interacts with high 
temperature and huminidity. ,:\igalblooms not only compete with Azo/la for 
nutrients but also cau.se a change ofpH in the paddy writer which can result in 
loss of nitrients f'rom solution. They also rrstrict water movement which can 
result in high water temperatures lethal to -1 A true picttire of Azolla'sAt,/. 
environmental requirements cannot be given by describing individual require­
ments in isolation. Often the interactions or indirect effect ; offactors are more 
important than the direct effect. Unfortuinatelv very little research has been 
conducted on the interactions of cnviroinlntal factors. 

Environmeni al factors 
IIater.The lack of good control and availability of water in rice growing areas 
is the primary constraint to the spread of A'.o//Luse. As a delicate aquatic 
plant, A 7o//,i can survivC only for a 1ew minutes on , dry surface under the 
tropical sun, and for a few days on paddy soil that dries during intermittent 
rains. Some varieties can survive indefinitely on moist, shaded mud, but will 
not multiply to any useful extent without a water surface on which to spread. 
Thus, without good water control and availability, A+co/h multiplication may 
not succeed. 

The need for water extends beyond the growing season and remains 
important to a limited extent throughout the year. A small amount of water 
must be available to maintain nursery stocks of A zo/la plants during the 
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oIl-seasons. A,larger amoint of water will be Pecded Air the muiplication of 
this noursCrv bcflor: widc-scale id ,its the rice sCasonliC inUlihiplication beg i 
approialces. .nlortuiiiatelv ", . firte q]Ll.tit ' V alt P,tl"iitlilV aiVailablCnot 

for g,+o\\inLg .A-,,1/,1 -itbclore the ricc crop is pliited.
 

,
sou'r0",ic Lt %\aLti likC rice .:1/L1 -row betteral1 iiltport'iit. .
during dr, sC'asolns%wlICr i.n water is availibl'. I C %\ iter colle" froll't Itni 
prccipitaitiot). adtitimial probt.mII ttav ()ccut.-A rice lnC, oil te east coast 
of India, \ietttitn, ,:ld (I ita, oLa ,lt.etc ilel lpliic' canllhave his 
ciltire .I: / aL S\, . sotllreailCco1 Ip%\ e it\ 1 a tplwoi "ill'lit1" illa l i)t)n cail
 
suflrthe ,,ulclate Iotom \c\ts.\ri' til. 1Lt lIhiiCh ci" , th0tlin". \\'ith the
 
CxcCption 0t1 t ICV, 1re' ooh Otlhilato ill lie l'lhilippiitC,, 18 ),most
-utIlt ' it, 

farncl " will tlced t(,il,.C-,(cotvidcralit. clton t)p)oducC an l /b Crop. This 
icttictiet :l bc comiplteClv 1i1,t tIIl0din or t Miild drought.ditti otg 

lb,./uT. bite u:o' tltrate oil .'/ hIs .ct ported to satoratc tit ,5-50% 

Of full tilih: 2, II , and I,tot ttthiibitcd h\ lull ,tilighi a,long as other 
factI. ;tiC tt litititt+c' Al Ltl intietIO Utndert.ree, the growth rate of 
A:u',//, \%ill l,.'ill to deIlitteC a .eopiit rite canlop> light1thdv1 rCduces 
jualltit tvii yualit, bloti that tIc,-Lrtot-allirat.i r0 growth rate. The rice 

canlopy wNilt s-tart (I a-out 2- wk alter traslunting and williltltenicit drowtt 
mop crtitli in tto',t . ll) CpCetIt IStI altr tiisla)LIttilig, dCpetiding on 
sucLLfictors asI', rie I;ItIralt itiII pC'iod., leat area i t ,,\,eaht.Cy pIdti w,,'ater 
fcrtility, et,. 

:\n aspcet 0l11hiditt l Ii+Jol+, n, it bCCI stuldicdei it p),-tble intCtCtt but I, 
i,the iltracrt)p slalig ot .1 1,ga(,it beeo)mIe, ert,.2il ,, il otlcr crops, 
crowkding probabl reslts, itt c ittittiotn t)r14ht, tnt rient,, etc. It is diff-icult 
to take niCa.,srCtlrt,, is itlii lb cit)p bckiuse of the sinalIc',s ofi tie- A ta//L 
A zo/+, bht it is t)oi call be nicasurednpotsible. ( 'oniptiitin indirectly 
through [ NP,.Further tcseardi Cotit help1 optinii/e productivity Of biolass 
and accurmrulated N i t1tore itllifnMiatiot v%i,atViilable about inutacrop 
,compel'. itioit. 

l)a'cnigthit I" another important a',pcct of light. (G;rowth rate has been 
shown to positivCly eorrClatc to daylCngth 28 and contiutics to inclac up to 
continuousl illutoination I I,Ier. latittitlets, slch a' ccntrail China, will 
have a longer duavligthi tring the lite spritig and car'ly suutCr a ­,.*1Cili 
growing scason tihant tt tropiCe, which have ait allnOst uitifOrin da\length a., 
year-round. WSel/u growth rate is higher ill higher latitudes thair ill the tropics. 

I"fli'frltu'. "Ct1pertatUrc is probib ly the most important limiting 
environntal ta.ttor in Aol.L cultivation. It also is vcrv dil'ficut to 
manipulate. Its tdirect clfcts are not isscrious as its indirect influence,. For 
example, certain .-cL0/bL varieties can grow at tempcratures of 40 (; or higher 
(22, 49) and sotne management practices can prevent paddy water tem­
peratures fron exceeding .10 ( in most cases if water is availablc. 

Ihe most seriotis problem with temperature is its stimulating effect on 
A-cal/a pests, e.g., insects, pathogenic fungi, atnd free living algae. The 
optimum temperature for mostA:(,L spccies is within the range of 20-35 'C. 
At higher temperatures in this range and abov, the generation time for 
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insects (57) and the growth rate of fungi greatly increase. Insects, particulaily 
lepidoptera (32) and dipt( (4 3), can destroy an A- ola crop if pesticides such 
as carhol'uran or II I( arc: not used ( ')0). OftC, i, CIct s will Saw pie a ',111all pert 
of a plant and then mm c on to allthe r. The resulting rV Malkes the plantiury 
highly susceptible to variouS fungi wvhich attack -I,, I I , ,1 and can 
greatly magnify the insect d.laage under hot-h in ild Cond itions. 

Because high tcnperaturcs are not a dircct limitat;on, .- , i a has al 
excellent potential for sLccc,'ll CIat ioM in irrigateId deserts where 

,humniditV is relatively hov, anld alternate host plal't for ine.CLt arc lilited. 
A 2 0/A does very well on t lonort!ern, border of Senegal in West Africa iVan 

Hove, pels.coInlll. and can probably do wCll in tliv tra<diljonal rice are'as of 
Mall with good water control. 

Ali'rd luit ,,t Bcau.eA :/,, i hnt ic plant, essential elenients 1'?11. autI 
in1e t it,lmiut be available s\aItr t'01 10 survi\ e.-l.-,,A/A requires all 

essential plant elemientC plus 'M or t Lr N L '), ; I.lowever,' fixationi 
lmotst paIdd' \watlr ioes nlot contain an alcqute balanlce (of e'>ential elell sts 
for succes)f'ul - 111,1 L Lut ii\ a roii. 

been nost eel . /-zll,Phosphortis has lhe 1110ltincotin, itCi0g cinc nt fr 
growth (1i). The threshold colceiltratiol of1 in .1:,/, tisue is probahly 
about 0.2-0. 3", on a dry wt basis -12; SoMIbatlt SolmphonC, pers. coin.). 1) 

stressed plants are luallV sinallcr, pi ak to red, less vigoirous, and have a low 
concentration of tot il N. Uinder severe stress, the plmsiits become highly 
compact and dark red, and often delop vcery lng curled roots. 

P deficiency can be overcome 1 applying P fertilier. Highly soluble 
fOrns such is triple superphstphate or p1o'phboric acid aire eCtifct y. Inll me 
situations, deficient plants llay bc able no cxrac' so fliiciit P frolm the paddy 
soil if the water level can be reduced to the pint \ here A.-/At roots can touch 
the soil. 

Perhaps .hc most cflcicni t way- t, c P icrtili/cr V,to take advantage of 
Acolls abilItV to use up P luxuriously..-//,< rcqciircs a minimun 
concentration Of about 0.2-0.V:) P on a drv wt basis for a normal N 
concentration of 3.0-1..0. This eqals a ,NPweight ratio of 10-20 N "or each 
P. Thus, I unit of P .s fertilizer cotuld resI in 10-20 units of plant N at 100 
uptake efficiency. But 100K uptake cificiciicy i,, inpossible in the ficlu because 
of losses of' P from fixation. leaching, Imoff, oini, etc. Uptake efficiency 
can be significantly improved by prcloadii'g A20/ll in phosphorus-rich 
nursery beds. Prcloaded .l/,l should be able to accuLulate P up to its 
maxinmm luxury colsUmptionl. level of 1.0)-i .6, (30). After preloading, the 
plants can be plavul in P-dcicient fields for further multiplication. Even if no 
P is available in the paddy water, the Atco/A plants should bc able to increase 
their biomass 3-8 times (1.0/0. 3 to 1.6/0.2) on storet P before reaching their 
threshold level for P. Plants should not be allowed to drop below the threshold 
level of P or their N yield will be reduced. 

Other essential elements have been reported to be absent in paddy water. 
Applications of K have been found to be necessary on light soils in Vietnam 
and China (24, 25, 46). Liu et a! (23) compared the K absorption ability of 
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,zolla and rice.,They believe thatA zlla I mre fficie~t at K~uptakeand can~ 
-e K decient soil, fiitI 

t Sdonme mi~c- o'nutrients have beiiiort~c to be deficient-in paddy-water <­
4ding small amounts of 2 alA~ nKoes'ls 

and Vieth m.1%,46) Fe wa!rpotdt e iitin California (39) a ndi j
Australia (34), Adding 1 kg'C/ha eliminate~d 6deficiency in California, 

Nitrogen can also'be necessary ot maintaihnAollaiunder :stresed 
corcidjions,~ Zhang (54) and Che~nand~i'(6) found that N fertilizer along with 
SP and K were eff(ive in mainitaining Azolla Iduingsummer Zhang and 
iothers (16, 20, 36, 53) found that~ combined N ca a~dversely affect Azo"llw 
Sunder good growing conditions, This adverseeffect probably results fro theWi~beneficial~ effect of combined N, on nonnitr~gen-fixing organisms which 
compete with Azhlla, such as weedaftnd algae.

Wfater quality, Several other aspects of wvater qualityt have been studied. 
Pollution from sewage (40) nd herbicides, (30) is of little concern to 
developing countries, but may be important asAzolln cultivation is atrempted 
Other factors are knownt orlimitAzolla use. pH is perhaps the most important
in developing countries., Optimum growth of Az-oila in~ culture solution is in 
pH range of 4.5-7, but Azolla can survive in pH 3.5-10 (2, 3.5, 37; 50)f all 
essential elements are available. 

most important concerna'heabout p is the availability ofessential 
elements in the paddy water. The pH of most acid and alkaline soils changes
toward a range of 6-7 afew weeks after flooding (38). However, some acid soils 

acid su~lfate and Histosols -which are low in organic matter or active Fe or 
high in sulfate, may not reach a pH of 6.0 even after months of submergence

k(8). These acid soils can create toxic levels of Al and Fe,'and P deficiencies in 
Athe paddy iwater. Salinie soils often i ve a pH greater than .7 and may be 

deficienrt~in P, Zn, and Cu, 
' Chinese researchersi (9, 17) recommended that waterforAzolla cultiva- J 

tion~shoud' lcontan n more than 0.3% salt. Higher salt concentrations 
decreased plant N (9), and more Salt increased plant IN(17). Haller et al (11) 

foud . crolniaiagrowthceased when the concentratipn reached 1.3%.tat 
SSaliiinity or alkalinity may be a problem inricefields located along the coast (55)~

and in poorly drained irrig'ate &deerts sucb~as in areas of Pakistan (5). 

-, ~- ,CONCLUSIONS 

- Azolla can befoud throughout thew dgrinudr a wide range of 
environmental cbnditions 'N' ,''r,conditions for suirvivalI in nature ciin be'~ 
much more variaible than those necessary for successful field, cultivation<
where gr6wth rdtand N accumulation areimportant. Li China and Vietnam, 
wide-scale field cultilvoton prinally occu~rs during winter and spring when
condition~sEre coo a~e Aol cl,.%aio is rarely attempted during 
hot-humidiconditionsl~e s 1)bmore: important crop ocup th /a 

7 
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fields, 2) insects and diseases are very dii fcuh to control, and 3) paddy water 
must be managed to prev,nt tcmpera,,'cs of .15 o(. or higher. These same 
problems exist in the tropics and arc n1c01 by weather,upounded ,msoon 
of extrenc wet and dr' ,c.,son. 

1hC fi llowig Qunst ion, about eulItivattitm shonuld be considered bCft'0r 
,-1/I0i is rccoinlmendcn d to Itari'elr,: 

" Does th,: cropping sy ,i allow tile growking cl,- lu as ainonocrop or 
intcrcrop, ald ik water realylV available? 

" How, can soie. iii be inaillitaiM ed dIillg off-season and hov can it 
be mulipliCd :1id dit rihbutcd befoIrC large-scalC f6eld cultivation? 

* 	I, the walcr vici in ,-en al plant ClCmntsu, cNpcwially P, to support 
rapid grothto .1 :,i'.l 

* 	 INthe water nttral to mildly a.'idic i; pilI alld does it contm inhless than 

* 	\Vill it be nccc,'rv to lueutly use pc,icid-, for insect control? and 
* 	Will J1 /i cultvattin improv Cthe c'ototn1L , ituation of the farmer? 

RIARl:lqi.Nt l:',t I IeIn 
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used iin(I),ASWIELI.: Arc dat,ii .1\,1le inIte total diva of / l iltfarmer fieid, variiu, rice­

groswing cuurriu, It nt. ,imic etfort ,hm]uld bc made tocollect sUIch data Io that tlhc trt'nds ill+-1//I 

IseCIlnvarious countrics cdllhe mutonijtord 

Il not cell preli't: on the aca s,/i in any couttrv. Reports 
, 

I. 	 .'iPKIA hac dta oI culiivain 

from both t( hina aiid Victim are highLy %iruilc. li'rhuap itCmotc ,ciiing could hC uscd forreginI, 

where .-I.soli uic is cotilceiii rated. 

MII( fIID.\: I,it possible to ull -I,s/ I,icd fit tiail, which arc tcd as food ofliuinan,? I low 
,shall we resolvc lie,chitolomiais d,oc .khere .-li/. iktilse for example,Ili rice ficl,d. iil.vte or 

South (otabato, illthe llilippin'e,? D1)0 i have ii" ctllllllctllt 

1,1"UPKIN: I have lint .ci aiv liticraturc'itgrt, the acceptabilirvy ofI:,,La to snails which are 

tCod a hurnaii food. Perhaps a cloordiuatcd ntati cradication program with clonitralide could he 
eftiective. A concentration of'0.5 ppin ti padd% water solution has hceer [eportcd to be effective. All 

effort,s should be used to eliminate dletritniLtal environental conwqucnc of such a program. 
DE-W\AI IA: What method d von ucs toestablilh equations permitting correlation between 

productivit.\ ild climatic data? 
LUMPIKIX: We tose amain frame computer software called SAS. Within SAS we use SYSREG 

and STIEPWISE programs. 


