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INTRQDUCTION AND ACJCNOYLEPGEMENTS 

The Tropical Trees Program of the National Research Council's 
Committee on Research Grants (CRG) supports high-quality scientific 
research of wide applicability i� developing countries of the Tropics. 
The program includes research on multipurpose trees, nutrient cycling in 
tropical forest ecosystems, agroforestry applications in tropical 
ecosystems and management techniques for both natural and plantation 
forests. 

Through this program the CRG has recognized the importance of, and 
the need for, international trials of promising tropical tree species 
conducted in accordance with common silvicultural and data analysis 
protocols. This view is shared with the international scientific 
community. The CRG' s Tropical Trees Pro'gram has adopted the 
recommendations developed at a recent meeting on the utilization of 
multipurpose trees held in Kandy, Sri Lanka ,  organized by the 
International Union of Forestry Research Organizations (IUF.RO). At this 
meeting research objectives and priorities were established for tropical 
tree research and published as a monograph, •Increasing Productivity of 
Multipurpose Tree Species: A Blueprint for Action.• These 
recommendations have subsequently been endorsed by the United Nations 
Food and Agriculture Organization (UNFAO), the �orld Bank and other . 
international donor agencies. The information contained within this 
manual is compatible with the recommendations of the Kandy workshop. 

Early in the evolution of the Tropical Trees Program, the need for a 
procedural manual, which would provide basic protocols common to 
forestry projects in the Tropics, was identified. A working group was 
assembled in �ashington, D.C., December 14-16 , 1983 , to prepare a 
concise manual that would also help to unify the CRG research program. 
The group was composed of Fredrick Owino (Chairman), Moi University, 
Kenya; Charles Davey, North Carolina State University, U.S.A.; Yvon 
Dommergues, Centre Technique Forestier Tropical, France; Carl Gallegos, 
Agency for International Development, U.S.A.; and Joann Roskoski, NifTAL 
Project and KIR.CEN, .University of Hawaii, U.S.A. The manual was 
reviewed and revised at a coordination meeting of CRG grantees held at 
Xalapa, Mexico, in October 1984 . Rick Van Den Beldt of the 
International Crops Research Institute for the Semi-Arid Tropics, India, 
subsequently edited and rewrote parts of the manual. Valuable comments 
on earlier drafts of the manual were provided by Peter F. Ffolliott of 
the University of Arizona, U.S.A.; Harold Keyser of the Department of 
Agriculture, U.S.A.; and John Torrey of Harvard University, U.S.A .. 
Dr. Davey authored the chapter on soil characterization and monitoring. 
Drs. Keyser and Torrey authored Appendices 5 and 7 of the manual, 
respectively. 

iii 
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The manual is divided into s ix sections, plus appendices : 

o Getting Started : Des igning the Research Plan 

o Tree Germplasm Collection and Handling 

o Nursery Operations 

o Experimental Designs and Methodology 

o Soil Characterization and Monitoring 

o Areas of Suggested Field Study: Forestry , Agroforestry, and 
Microsyabionts 

Each section begins with general remarks or suggestions , and then 
provides detailed methods for the section topic . This is not a 
comprehensive manual . It does not include , for example , a broad range 
of experimental des igns for field research . The aethodologies included 
were chosen because they are s imple , achievable with limited resources 
and equipment , and reliable . For a more exhaustive treatiHnt of field 
des igns , researchers should consult the following : 

P .  A. Huxley , ad . Metbodoloc for tb• Exploration and Alsesment of 
Multipurpqse Treea . ·Nairobi : International Counci l  for Research in 
Agroforeatry , Commonwealth Forestry Institute , and National Research 
Council (U . S . A . ) ,  198 4.  

J .  Burley and P .  J .  Vood , coaps . A Manual qn Species and Pxqyenance 
Research with Particular Re£erence to the Trqpics. Tropical 
Forestry Papers , No . 10 . Oxford : Commonwealth Forestry Institute , 
University of Oxford, 1976 . 

S ince the microbial ecology of tropical forest environments is 
cons idered an important aspect of research s tudi�s , the manual includes 
detailed methods in the appendices for isolating and managing some of 
the microsymbionts associated with tropical tree species. 

This manual will have two audiences . It is hoped that grantees, who 
have assisted in the preparation and revis ion of the material, will find 
it useful as documentation for procedures commonly agreed upon relating 
to germplasm collection and field studies . Researchers conteaplating 
preparation of a proposal for a CRG grant on tropical trees may also 
find the manual a guide for choos ing obj ectives and des igning 
experiments cons istent with the work of other grantees . For this 
reason , the firs t section deals with the setting of research obj ectives 
and collaborative arrangements within the program . 

iv 
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GmiNG SIARTED: DESIGNING THE RESEARCH PUN 

Committee on Research Grants proj ects in tropical forestry originate 
within the context of a competitive grants program . Successful 
proposals generally contain a fully developed research plan and 
experimental procedures designed to achieve explicit, concrete 
objectives .  The proposals will have been reviewed by several technical 
referees ,  and the investigator will  have had the opportunity to revise 
the original objectives and research plan in responae to the referees ' 
comments . The final version of the proposal is approved by the 
Committee on Research Grants . The CRG staff prepares a grant document 
that contains the obj ectives and most of the details of the research 
plan . This document !lUSt be signed by the institutional administrator . 
Thus, proj ects begin with a research plan signed and agreed to by both 
the principal investigator and the Committee on Research Grants , and the 
presumption is that the plan will be carried out as described . 

Many researchers presenting a proposal are reluctant to prepare a 
detailed research plan until they have consulted with other experts or 
until they have seen preliminary research results . They are seemingly 
caught in a vicious circle , because the proposal cannot be reviewed 
unless it containa a complete plan . However , the CRC and the referees 
realize that there are many circumstances that may require modification 
or updating of the proposed plan, and even an inappropriate plan , if 
complete and carefully prepared , may be taken as an indication of 
serious intent and ass istance provided for its modification . More 
details are provided in the document , " Elements of the Successful 
Scientific Research Proposal , " available from the CRG staff . 

During the lifetime of the proj ect , and sometimes even before the 
proj ect commences , it may become necessary to modify the obj ectives or 
the research plan . This may be a response to changing circumstances or 
to unexpected discoveries . This is a natural part of the research 
process; no one would ins ist on maintaining the original plan or 
obj ectives if better ones have been·proposed . Nevertheless , approval of 
the CRC is required for changes of obj ectives or the research plan . 
Generally , an explanation in letter form is sufficient ; however , if the 
modification requires additional funds , the request will be treated as a 
new proposal . In that case , full details of the change and the 
justification for it are required , documentation is sent to referees for 
review, and a decis ion is made at a scheduled meeting of the Commi ttee 
on Research Grants . 

- 1 -
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Almost all CRG projects include visits from international 
consultants and/or visits of the researchers·to laboratories abroad. 
Exchange and correspondence are the lifeblood of science, and they are 
particularly important for researchers working in developing countries. 
If the researchers know with vbom they would like to consule, they may 
include names and other particulars in the proposal. If not, the CRG 
staff are prepared to assist with the identification of appropriate 

·collaborators or consultants, and to arrange the logistics of 
international travel. 

The consultants visiting the project are contracted by the CRG and 
have dual responsibilities. They are expected to advise and assist the 
grantee, and also to advise the CRG and staff how they can be aore 
helpful to the grantees in general. They do not formally evaluate the 
progress of the project; that is dona during a separate visit, usually 
by a aellber of the CRG staff. 

The CRG Tropical Trees Program involves extensive communication and 
cooperation among grantees in different countries. Annual reports to 
CRG, prepar•d by each grantee, are circulated ..ona all grantees . 
Grantees .. at annually to present and discuss research results, arrange 
exchanges of garmplasa, and plan visits of scientific personnel. The 
preparation of this manual was recoaa.Ddad in just .uch a .. atina in 
Nairobi, Kenya, in January 1983. l.avisad versions of the umaal ware 
reviewed at subsequent annual .. atings of CJlG grantees held in Xalapa, 
Mexico (1984) , Hua Hin, Thailand (1985), and Petarsbaa, Kaasachusatts, 
U.S .A. (1986) .  

- 2 -
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TREE GERHPLASM COPJCTION ANJ) HANJ)LING 

GENERAL REMARKS 

Two broad types of seed collection are envisaged for most  CRG 
proj ects , ( i ) collection of seed for germplasm evaluation , and (ii) 
collections of bulked seedlots for general forestry and agroforestry 
research proj ects . Bes ides obtaining seed from field collections , seed 
can often be obtained from the suppliers listed in the following 
publications : 

Peter G .  von Carlovi tz . Multipurpgse Tree and Sh;ub• Seed Direstgrv 
Nairobi : International Council for Research in Agroforestry, 
1986. 

D .  G .  � .  Edwards , comp . World Directgry gf Tree Sttd yg(ker•. 
Ottawa : Canadian Forest Service for the International Union of 
Forestry Research Organizations, 1976 . 

Food and Agriculture Organization of the United Nations . fgrest 
Tree Sttd Diroctgry. Rome : FAO, 1975 . 

Care should be taken when collecting seed in the field to ensure that a 
good sample of existing germplasa is gathered, and that a range of 

.desirable traits is represented. Important cons iderations in this 
regard, froa the initiation of the collection trip to the establishment 
of provenance trials, are discu.sed below . 

!RECOLLECTION CONSIDERATIONS 

It is important to limit collecting efforts to a few species . A 
good rule of thumb is that it is better to collect one species vall than 
collect 20 species badly . Multiple - spec ies collection trips do occur, 
but participants in these trips are vall trained with years of 
experience in collection methodology . 

- 3-
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Before setting out on a collection trip , it is essential to know 
where to go . Nearly all countries possess national and local herbaria . 
These institutions should be visited by the collection team to become 
familiar with the variability in a species and to map out the areas 
where harbariua specimens ware collec ted . Ideally , all spact.ens should 
be located on a aap and the trip designed to visit  the key spots . 
Collections should be made from at leas� five discrete locations . For a 
widespread species , mora s ites may be vis ited . 

I t  is also important to communicate with others working with the 
species about your intentions· to collect provenances . Often , garaplasm 
exchanges aay be worked out , greatly increas ing the number of accessions 
available . Such contacts should be aggress ively maintained during the 
entire evaluative program , and collaboration fostered whenever possible . 

COU.ECTION METHODOLOGY 

Generally , aost nitrogen- fixing trees are cross- ·pollinatad , although 
notable exceptions do occur . L4ucaena leucocophala is one such hi&hly 
salfing exception . Because the species is genetically homozyaous , aore 
emphasis should be made on collecting types from wide geographical 
locations than from individual trees in stands . 

For out-crossing species , it is t.portant to capture variabili� 
present in a stand , and care should be taken to saaple a nuaber of 
trees . Ideally , as many as 30 nounei&hboring trees should be saapled , 
but this can be difficult . Many seed collectors insist on keeping 
separate saadlots for each tree , but the practice of bulking seedlots 
within a contiguous population is widely practiced . Maintaining records 
for each tree saapled is time-consuming , and if this attitude is carried 
on in the access ion trials , it can be expensive in teras of land and 
funds . So long as genetic variability of the population is represented 
in a bulked collection , there is little probability of serious loss in 
gemplasm by bulking .. A notable exception to this situation is the· 
occas ional mother tree that stands out by itself.  In this case , it is 
vise to collect a separate seed saaple and evaluate it in the accession 
trials . 

When collecting , it is t.portant to keep ·careful records of the 
location and maj or site features of each collection .  Soma collectors 
taka detailed site data , including soil saaplas , for laboratory 
analysis . For the purpose of this program , however , data forms 
currently used by other institutions are reco11111anded. Two such forms , 
from the Oxford Forestry Institute ( formerly Co11111onwaalth Forestry 
Institute ) and the Danish/FAO Tree Seed Centre , are presented in 
Figures l and 2 .  They are both useful and comprehensive , and are 
raco����anded where expertise and information exist  to fill th .. out 
completely . 

-4-
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TABLE I. - !!51•• of aeed colleccioa claca eheeu 
A. Oxford ForestrY !nscicuce 

seeciee: !.!!!!!. ooca m• Schiade Seed No: 131 
. Couaci%: lficarapa D•e•rcaeac: 

Sto�• Ito: 
Nueva Seaovia 

Die trice: DipUco !!!!: !1 Juaquillo 

Latitude: u• 42'1 Loa11cude: 86° 35'W Altitude (a): 

1/71 

l,OCO 

Sicuacioa: At the veacera end &ad oa the eoutberD elope• of cba Cordill•� •  
de Dipilto, which fo� the no�cherD bouodary of Nicarapa at thia poiae. 
The ecaade, which lie about 5 k1u nonb of Macualiao aDd a ma ... e of 
Dipilco, f� pare of aa ar .. of about 150,000 beccar •• of aeaarally open 
pine foreec vhich acrecchee aore cbaa 70 t.a rouahlJ ... e-veee alaaa Che 
cordillera aDd eacende aorthvarda to the pine foreaca of Boadurae. laiafall 
iacr .. ••• proar .. aively ... cvarda aad 1a thie d1recc1oa. the lover alopea belov 
100 .. c�•• elevation •�• iacreaainaly occupied by !· caribaea aad cbe bllbar 
alop .. above 1,500 .. crea by !· paeudoacrobua and broadl .. f for .. c. Ac the 
veecara end, in cbe �cuelizo ar ... cha lover alopea aad valley• aupporc only 
a dry chora acrub aad cbe only pine apeciea ie !· oocarpa vb1cb 1D face fo� 
eoac of che piaa for .. c chrouabouc cb• cordillera. 

Soil: Very freely·dr&iaial aandy or sr&••lly aoil vitb abuadaac quarca. 
dartved 1a aicu fraa dacayiaa araaiUc rocu, ouecroppiaa aceuively oa cbe 
aceeper iio;;;-and rid&••· Eroaioa ia aceiva. tba aoila are aeearally 9er1 
aballov, escape 1a bollova or vallaya, aod bave very liccla bu.ua caaceac. 
pi 5.7. 

cu .. ca: K .. a annual raiafall ac MacuaUao (5 1a1 5) La 904- (35 iu) nth 
che follavina diaeribuciaa:-
J P K A K J J A S 0 I D 
4 1 2 1  16 113 1ao 110 as 149 163 49 ll 

No c..,e�acure data are available froa Macuelizo but ac Ococal, aboue 20 k1u 
... c and 400 aaerea belov the level of E1 Jl.lnquUlo •••n aaoachly Mxi=a 

0 0 teap•�•cur .. in cbe dry ••••oa raaa• froa 2a c co 32 c. 

Deacription of acaad: Very open pine foreac on aceep ���P•• (20° co 35°} vitb 
only tbia ar••• cover iacll.ldin& Androooson ap. and Penniaecua ep. A few 
quercue ap. occ� iD aoaa aoiacer valleye. The laraeec pin•• are over 30 
.. tree (100 fc) h1ib aad up co 80 � d.b.h. Pine reaeneracion ia a•�•=•lly 
aparae alchouib JOOd iD pacchee and cbe area above evidence of frequent fierce 
firee ova� a loaa pa�iod of yeara. Crovch ria .. are conf�••d and d1!!1c�lc 
co iacerp�ec buc arowch app .. ra co be alow, vith 3 to 5 ria&• per ca. 

Seed tt .. r..,.•: 1.1. di• ( �): leO a• 60 
lraacb-ial: 70 co ao 

HeiJbt (a): 25 co 30 
J!!!!: Scrailbt, cylindrical. aouad. 

Kecboda of colleccioa: rroa aelecced creaa 1a fellina aitee (36 creaa) 

Dace of colleccioa: January, 1971, 

-5-
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tAIL& z. 1!51•• of ,_. collocuoa •ca ab .. u 

1. Daniob/FAO tr.. S_. C•cr•, lluahbaok 

,ID !?!'IC'rJDI MD • fWIIrAO POUST nil SliD CUEd 
I!Caaical -= Pn¥1• ioaal lo: 

DAIIIrAO 110: 

............................................................................. � 
Lacic.,•: Councrr: 

PTowlace/Scace� 

11evacloa: lo1ioa aad/o� ada, ualc: 

... , lof: 

Decall .. Locacioa; 

-

.............................................................................. � 
SoU Tne: 

Slope: Aopecc: 

ua. nuafall: 

•-�••c v.aue� Scacwa: 
---------------------------------------------------------- -----�----------------------�---------------------------------------------------------------� 

o .. tcx: .,.. • •  , • eccll• • • •  , d .. e • • • •  

Scaco of Scaad: 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

Mecllod: Dace colhc:ed· 

hadas of tr•••: 

C)a!aUcx of 1...&/coaoa: C�ndlUoa of •••d.'coaeo: 

Pooalblllcx of c .... �clal coll.: -

a:a::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::a::: 

Treac.eac: 

-

·==·=====·=======================================-================··=-=·========· 

Collecur: 
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SEED STORAGE AND HANDUNG 

Collected seed should be cleaned of insec ts, twigs, detritus , and 
seed poda u soon u possible . It should be dried thoroughly , treated 
with an appropriate insecticide ( if necessary) , and stored in airtight , 
insect-proof containers. Most hard- seeded legumes will store for 
extended periods , but other soft - coated or small seeds may deteriorate 
rapidly . Literature on the properties and storage capabilities of your 
seedlots should be consulted , and germination tests performed on 
suspicious seedlots often . Seed is best s tored under conditions of 
controlled temperature and relative huaidity .  These conditions , 
however ,  are often t.possible to obtain in the tropics . The rule of 
thumb , • s tore in an environment where relative humidity and temperature 
in degrees Fahrenheit (• F) sua to 100 , •  is worthwhile in most cases (for 
example , 30 percent huaidity , 70• F ;  so percent humidity ,  so• F) . 

PROVENANCE TRIALS 

Provenance trials are best es tablished from seedlings to ensure 
opttmua use of the seed , which may be exceedingly scarce for so .. 

accessions � Common nursery practices , including seed scarification and 
the use of suitable containers or other establishment techniques , should 
be carefully observed . 

The best provenance trials are those that can handle great numbers 
of accessions euily and may be added to yearly as new accessions are 
gathered . Experimental designs for such trials are discussed in the 
next two subsections . Plots should consist of two rows of trees spaced 
at between 1 • x 1 • to 2 • x 2 a, depending on climatic conditions . 
Since plots will be close together , there is usually little need for 
border rows ; however , these may be added if space permits . Plots should 
consist of between 10 and 20 plants , depending on the variability 
inherent in the species . Each access ion should be represented in the 
tree bank by two ,  five· tree row plots with 1 meter spacing within rows 
and 1 .  5 .. ter spacing between rows . 

·1-
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IJJBSEBY OPEBATIQNS 
(after Burley and Wood , 1976)  

THE NURSERY STAGE IN TRIALS 

The nursery stage of a species or provenance trial fulfills three 
main functions : 

(l ) The provis ion of suitable planting s tock for the field stage 
( 2 ) Evaluation of juvenile genetic differences 
( 3 )  Evaluation of juvenile/mature correlatiou and of the 

possibility of selecting prollising populatiou baaed Oil juvenile 
characters . · 

THE LOCATION OF NURSERIES 

Experience baa shovn·that differences in nursery treata.nt can 
produce effects that are noticeable in plantatiou for aany years . It 
is therefore important that aursery treac.ents and conditiou auCb u 

light , drainage , and aspect be kept u Ullifom u possible . 

EXPERIMENTAL DESIGN IN NURSERIES 

It is desirable to use replicated , randollized designa to assess the 
magnitude of differences that arise fro• nursery practices , and it is 
sillilarly desirable to use identical expert.ental designa in the aursery 
and in the field . In this way , the two sets of replication effects will 
be confounded and will not reduce the precision with which population 
differences can be estimated. A different situation exists where 
species have widely differing growth rates in the·nursery , and it is 
less important where large differences between populatiou are expected 
later in the rotation . 

Edge effects are so•timea noted with aursery beds . If growth 
differences are couiderable , the edge plants should be discarded or 
used u surrounds . If edge effects appear in blocks of pots , they can 
be llinillized by periodic rearrangement of the pots . 
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Poor germination may sometimes result in a shortage of planting 
s tock for some populations . This may necessitate adj ustments in the 
field design of the trial . For instance , if a lattice were planned and 
one or two populations only were affected by poor germination , it might 
be best to continue with a randomized complete block design , provided 
that three replications could be completed . Serious deficiencies will 
necessitate drawing up a fresh des ign for the field stage . This should 
be done , if possible , with the advice of a biometrician .  

NURSERY PRACTICE 

It is not possible to legislate for all types of . trials and climatic 
regimes . Nevertheless , the following might be taken as a checklist of 
s011e important points . \lh&tever practice is uaed , its features and 
results �t always be carefully recorded . 

Germinatign 

o Seedlots should be divided and sown one replication at a tt.e . 
o Different species and provenances �t be rigorously 

separated--by separator boards (without causing shadia&) or by 
sheets if sowing is done in a bed . 

o Sowing should be done quickly . 
o Pregemination in moist sand, vermiculite , or blotting paper may 

be a useful way of ensuring rapid and 1miform germination , and 
of keeping populations separate . It also avoids •pricking out• 
at a later stage . 

Prickinc Qut or Transplantinc 

If this is done , it should be done early . Plants should be pricked 
out when ready , regardless of differences in growth between 
populations . Estimates of numbers required should take account of 
mortality after pricking out , and of replace .. nta required later in the 
field . At this stage there is a particular risk of mixing populations , 
and no plants should be IIOVed without adequate labels. Potted stock , 
which in dry or unreliable climates often has better rates of survival , 
is especially prone to this . 

Cull inc 

The removal of very poor or deformed plants is part of normal 
nursery practice , but especially where •wild• or untried seed sources 
are being uaed, a record of plants r�j ected should be kept , as this may 
be an important characteristic of some species or provenances . Normal 
nursery recorda should provide information on the number of sound 
planting stock produced per unit of sead sown . 
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Size of Plants 

The development of nursery techniques is usually carried out 
concurrently with species and provenance work. If , however , markedly 
differan_t growth rates are apparent in different provenances , it may not 
be possible to have all plants ready together , and in this case it may 
be batter to re - sow the trial at different dates , provided seed is 
available , to have all stock ready at the same time . 

Inoculation ( Sea Appendix 5) 

PRIORITIES IN NURSERY ASSESSMENT 

The following program of assessments is given in order of priority . 
Sampling intens ity should ideally be related to the actual variability 
observed in each case. 

Assessments at the nursery stage are time - consuming , and a minimum 
of information should cover germination rates and percentage , age , and 
the size of the seedlings when transferred to the field .  

The nursery stage o f  species and provenance trials presents 
opportunities for assessing differences in populationa at an early 
stage .  S imilarly , trials undertaken in greenhouses or other controlled 
environments can also yield important information. There are three main 
obj ectives : biosystamatic studies , j uvenile -mature correlation , and 
seed source identification . 

Biosystematic Studies 

The taxonomic and genecological relationahips between populations 
are often poorly known , and the relatively uniform conditiona in 
nurseries , ate . , permit aora precise evaluation of genetic similarities 
and differences than is possible in the natural habitat , or in field 
trials . Kaasuremants are made easily , and destructive sampling is mora 
convenient in these trials . The complex relationships between 
populationa can therefore be studied through multivariate analysis , 
basad on characteristics that are probably under mora direct genetic 
control than are the usual field measurements of height and diameter . 

Seed Source Identification 

Large areas of plantations , and of trials , have bean established in 
many parts of the world from seed whose origin is inadequately known � 
It  is possible to distinguish different populations by the morphological 
and chemical characters of se.eds and seedlings , and a provenance trial 
is thus an opportunity to test  a_wida variety of populations in this 
way . 
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Seyditl in Cgptrplltd Enyirpnptnt• 

Tbt uae of accurattly dtfined and controlled environmtnts in growth 
c�era , phytotrona , and greenhouses it particularly valuable for 
testing phyaioloaical responaea , or the interaction of population 
difference• with tht tfftcta of simplt tnvironaental factor• such as 
t..ptraturt or.photoptriod . 

For furthtr information rtgarding nurttry eatablisbaent and 
management, consult J. Burley and P. J. Wood, comps. , A Manual on 

Species and Provenance Research with Particular Reference to the 
Tropics, or Fred R. Weber, Reforestation in Arid Lands (Mt. Rainier ,  
Maryland: Volunteers in Technical Assistance, 1977). 
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EXPERIMENIAL DESIQNS ANJ) METHODOLOGY 

GENERAL REMARKS 

Investigators should follow the general guidelines for design of 
field studies outlined in J .  Burley and P. J .  Vood , comps . ,  A Mapual of 
Species apd Prgyepapce Research with Particular Re ference to the 
Tropics . It  is recommended that the inves tigator seek the advice of a 
s tatistician familiar with agricultural and forestry field studies when 
planning field s tudies , and contact the CRG staff for suggestioaa 
regarding technical consultation if sue� assistance is desired . Soae 
coaaultation during the initial planning stages may facilitate the 
statistical analys is of trial results , and may actually s.ve the 
experiaenter soae tiM and resources by siaplifying the design . 

In this section no attempt is made to provide either a coapreheaaive 
or definitive compilation of experimental •thodology and data 
analys is . Instead , a rather modest attempt is made to synthesize what 
is known about the various techniques , and list some of the pitfalls 
common in field research of this type . 

PLANNING , DESIGN , AND LAYOUT OF THE �ERIMENT 

Siting the ExperimJnt 

Fields designated for forestry and agroforestry research are often 
.are variable and· of poorer quality than those available to agricultural 
researchers . Such land may be recently cleared froa the forest , or be 
•wute land• with poor soils and climate . This choice is soaetiaes made 
deliberately to eaaure that trial data reflect •real world• conditioaa . 
In such situations , greater care must be given to the siting and layout 
of the experiaent in order to avoid the incorporation of large 
experiaental errors . It is far better to select a site and then des ign 
the experiaent than to fit a given experiaental design to a site . 

The first step in s iting the experiaent is to obtain , to the extent 
possible , a history of the site . A recently cleared site will be quite 
variable , containing areas of former clearing , fires , stumps, etc . 
Fields in which trials are established sometiaes have fertility 
gradients that may introduce unanticipated and undes irable 
complications . 
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Other hazarda should be noticed . The presence of loot and animal 
paths , waterlogged depressions , rock outcrops , and vide variations in 
soil color or depth are all factors that can affect plot yield and 
should therefore be .voided . 

It is helpful to obtain as .uch detailed information about the site 
as tt.e and .oaey will allow. Attention to these details at the outset 
of the proj ect, when there is relatively little work to do, will 
facilitate the report-writing •taa•. when peraoDDel are often reaoved 
fro• the proj ect for other duties . Such information should include: 

o Date of information collection 

o Locational data 

o Climatic data 

o Soil data 

o Ecology 

( latitude , longitude , altitude , 
slope , aspect) 

( .onthly rainfall and tamperatures ) 

( standard fertility data: N ,  P ,  K ,  
Ca , Fe, Al, etc . ; cation-exchange 
capacity [CEC]; water-holding 
capacity; soil classification [uae 
FAD/Unesco or other internationally 
recoJDized JUidelinea]) 

(pests , diseases , veaetation and 
veeda; abiotic hazarda [ typhoons , 
fires , etc . ]; other factors 
[atonineaa, vaterlo&&ing, etc . ]) 

Current records should be kept on .. teoroloaical and ecoloaical 
data , as they can often be uaed to explain expert.ental trenda . Soil 
data are often taken throu&hout an experiment to .onitor site chana•• 
and detemine the lona·tera effects of the treatment ·on .the soil . 

Experiatntal lloekl 

A block is a set of ite .. or experimental units , under treatment or 
observation , that have been arouped to ainimize eDVironmental effects or 
initial differences between it ... or units with respect to the variables 
bein& studied . 

· 

It is essential to reaember that there should be as little field 
variability within a block as possible . At the .... tille , field 
differences between blocks probably will exis t. Thua , if an experiaent 
is located on a slope with a soil fertility aradient runnin& fro. top· to 
bottoa , it is unwise to locate blocks adj acent to each other runnina 
down the slope . A better cho�ce would be to .aka the blocks long 
rectangles alona the slope contour , each block therefore incorporatin& 
i ta own characteristic fertility . · In this aanner , Block I would be at 
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the top of the hill , and Block X located parallel to I and at the 
bottom . Differences in fertility from the top to the bottom of the hill 
would simply become block effects in the analysis of variance . Within 
each block , rows should run up and down the s lope , to sample variation 
unifomly. 

Blanket treatments (such as irrigation) , which IIUSt often be done in 
several operations , should be applied by blocks &Dd not across blocks . 
S imilarly , during harvesting or data collection , it is best to proceed 
by blocks , rather than across blocks , les t  methodology differ slighty 
within a block . 

RANDOMIZATION 

One of the bas ic tenets of the analysis of variance is the 
randomization of plots . However , it is surprising how often 
randomization is done casually or arbitrarily. The use of random number 
tables or hand calculators wi th built-in random number functions is 
advised for all sites . Even the sys tematic designs (noted below) are 
capable of so .. degree of randomization . 

The question of what to do when randomization fails - - for example , 
when a given treatment occurs four times where four blocks border each 
other - - is a auch argued one . It is reco1111111ended that in such cues the 
randomization procedure be completely redone . 

EXPERIKENTAL DESIGNS 

General Cgnsidlrations 

Prior to a discussion of the various experimental designs useful in 
the CRG prosram , topics of a more seneral nature might be discussed 
resardin& the development of an experimental des ip .  These include plot 
s ize , the number of replications , and data collection . 

Plgt S ize 

The overri4in& concern with the establishment of plots in a field 
experiment is that the plots incorporate as little site variability as 
possible . Often , in an effort to ensure that field trials reflect •real 
world• conditions , plots are made too bi& , and inherent variability 
creates large experimental errors that may mask true treatment effects . 

At the same time , particularly in tree trials , if plots are too 
small , inherent genetic effects may do the same thing . A good rule of 
thuab for most  tree species is  that e ight rows by nine rows will be 
small enough to avo id intra -plot variability , but large enou&h to ensure 
a good sample . A large proportion of a plot  area is composed of border 
rows , which are crucial in fores try experiments .  In trials where 
inter -plot compe tition is expected, two, and some times three , border 
rows should be established . 
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Number of Btplications 

Increase in the number of replications concomitantly decreases 
res idual experimental error . Although rules do exist that help to 
determine the number of replications, most field trials include four . 
In variable fields , however, it will always pay to put in an extra 
replication, although, in such cases , advice should be sought from a 
qualified biometrician . There is a practical •break- even• point to 
increasing numbers of replications . As the number of replications 
increas es, so does the necessary land area and, in mos t  instances, the 
site variability . 

Data Collection 

A regular program of what to measure and bow often to measure should 
be decided on before the installation of the trial and adhered to 
throughout the trial . Data should be recorded in a permanent form at 
the outset, if possible , and copied as little as possible, as serious 
mistakes have been known to occur in even the mos t  carefully transcribed 
data . It is 1JIIportant for the proj ect leader to closely supervise data 
collection teams, and when feas ible , participate in data collection 
activities . 

Multilocational Testing 

It is a good idea to plan to install the same experiment in at least 
two widely different locations, incorporating different site variables 
such as elevation, rainfall , and soil types . Treatment effects are 
often highly s ite - dependent . 

Reporting 

The goal of the CI.G program is to develop a body of knowledge on 
tropical trees, particularly nitrogen- fixing trees . I t  cannot be 
stressed enough that it is expected that proj ect results will be 
published in appropriate j ournals to share data with colleagues 
elsewhere . The nature and form of data that will  be mos t  useful and 
suitable for publication should be kept in mind by the inves tigator at 
all stages of experimentation . Publication may be in informal j ournals , 
such as Nitrogen- Fixing Tree Research Reports , or in more formal 
j ournals , such as Agrgforestry Systems or pnasylya, as we ll as in local 
professional j ournals . 

SELECTED DESIGNS 

There are many different experimental designs that can be used in 
plantation trials . Each design bas its advantages and disadvantages and 
is chosen for a particular purpose .  Some of these designs are described 
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briefly below . S ince choice of design is important to the success of 
the trial , considerable care and advice should be sought before 
selecting an experimental design. A useful reference in this regard is 
J. Burley and P.J. Vood , COIIpS • •  A Manual on Speeiel and Prpytpanee 
letearch yith Ptrtieular leflrepee to tbe Trgpict. 

Cgmpl•t•ly Bapdowiztd Dtsicn• 

These designs , althoulb -.king us• of replicattd trtac.ents , 
randoaizt th.. throughout tht txptrimtnt rather than tstablish th.. in 
blocks . Such designs are feas iblt whtn tht site is hoaogentous , as may 
bt tht ease on the laboratory btneh or in tht gretnhoust .  Many nursery 
studies and aicrosymbiont work lend tht .. elvts to this type of 
experimental design . Howtver ,  even greenhoust eonditions can bt 
variable with respect to shading , watering , and other factors ,, and such 
des igns should be ustd only when it is cltarly dettrained that no such 
heterogeneity exists . 

Randgmi&od Cgplott-llgek Detigna 

In a randoaiztd co��pltte -block (llCI) design , treac.ents are 
replicated and placed in blocks of one fuil stt of trtac.ents ptr block 
( s•• Figures 3 and 4 below) . 

Such llCI designs art widely ustd in agricultural research , and 
j ustifiably so . These designs are .uitablt for a wide variety of 
exptri.Mntal objectives . Aaalysis is siJIIple and is understood around 
the world . Also , they are mazinaly res ilient , and a failed treac.ent 
will rarely seriously affect tht rest of tht experialnt . Some forestry 
trials - - for exa.plt , thost iuvolving provenanct or species 
co��parisons - -bave larse m.abers of treatments and may not be suitable 
for llCI designs . In such cuts , larse block s ize may incorporate site 
variability , resulting in larse ezperimlntal residual •rror . 
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nGUU 3 

A possible randomization of 
four populations ia a 
raada.iaed co.plete-block 
desica with four replicates. 

Block 
I 

Block 
II 

2 ; 4 
�.-

11 .3 

4 ; 3 
-·-

1 1 2 

3 ; 2 
-·--

1 1 4 

2 : 1 
-·--

41 3 

Split-Plot Desisns 

Block 
III 

Block 
IV 

FIGUU 4 

Plot layout for a field trial 
of four coaplete blocka of four 
populatioas. Tbe site varies 
syste .. tic�lly ia the direction of 
the arrow, aad there are rock outcrops 
as iadicat�d. 

3 

1 

2 

� Block I 

2 4 Block II 

1 4 Block III 

4 3 2j Block IV 

Such desicas ar� ideal vbea treatmeats are factorialized; for 
ezample, wbea lime aud phosphorus are applied ia various combiaatioas. 
It is �rtaat to consider carefully which of the treat .. nts will be 
desicaated as .. in plots, aDd which will be established as subplots. 
Subplots are atatistically tested with areater precision--thus, they 
should be co�sed of the variable to be studied ia depth. Variables 
that are dif ficult to keep straiaht--for example, spaciaa--are easiest 
to work with vbea installed as .. ia plots. 

It is always wise, even for experienced field researchers, to talk 
over the desica of a split-plot experiment with a kaowledaeable 
colleaaue or a biometrician. 

Aul!!ated-Block Desisn 

Tbe au..-nted-block desiaa coasists of two aets of treatments: 
(1) "core" or replicated treatllaats that occur once in every block, and 
(2) "aupaented" or uareplicated treatments that occur just oace in the 
eatire ezperim.nt. Treatments are randomized withia blocks. Core 
treatments are replicated in every block, aDd the au..-nted treatments 
are divided equally &moDI the blocks. Any aumber of auam-ated 
treat .. nts .. y be selected, however, the aaz� number of au..-ated 
treat .. nts is determined by the followiaa formula: 

I au.-ented treatments • (# core treatments z I blocka) I 2 

Ia this .. nner, a wide number of treatments .. y be examined. Such 
triah have been used to look at a ranae of spacinas, ·aDd the au..-nted 
treatments are used to "fill the aaps." Another demonstrated use of 
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the desian is in species trials where the experimenter chooses five or 
so " core " species to examine closely, and a larae number o f  au.-nted 
specie s  to examine casually . 

Lat in Squares 

A Latin square de sian permits systematic enviroa.ental variation to 
be estiaated in two d irections. The plots are arranaed in rows and 
columns as shovn; for example, in riaure 5. Each population occurs once 
in each row and once in each column, and the number of replicate s of 
each population is equal to the number of rows or columns. The desians 
are most suitable for .aderate numbers of populations. I f  there are 
.any populations, a Latin square is too larae, while for very ... 11 
experiments (for example, three or four populations ) residual variation 
may be �precisely estiaated. 

Lat in square desians .ay be parti cularly useful in areeDhouse 
experi .. nts where the source s of systematic v ariation are obvioua. A 

set of Latin squares for varyiaa numbers of populations is aiven .in the 
followinaa a. A. Fisher and r. Yate a. Statistical Tables for 
Bioloaical, A&r icultural and Medical Research. 6th Edition. ldinburah 
and London : Oliver and Boyd, 1963. 

liGUU 5 

A Latin square desian for five populations. 

Row· 1 

2 

3 

4 

5 

1 

AI 

I 

Bl 

I 

Cl 

I 

Dl 

I 

El 

I 

2 

Cl 

I 

Dl 

I 

AI 

I 

II 

I 
I 

Bl 

I 

Col\1111Q 

3 4 

B I I 

I 

A I C 

I 

I I D 
I 

C I B 
I 
I 

D I A 

I 

-18-

D 

I 

B 

A 

c 

Copyright © National Academy of Sciences. All rights reserved.

Procedural Manual for Research in Nitrogen-Fixing, Multiple Use Trees
http://www.nap.edu/catalog.php?record_id=19249

http://www.nap.edu/catalog.php?record_id=19249


Systematic Qtsisn• 

Systematic desisn- have been in ute in foreatry and agricultural 
research aince the publications of J.A. Nelder in 1962 . Thete detigna , 
widely uted by the Centre Technique Forettier Tropical , have recently 
been propoted by the International Council for Research in A&roforeatry 
to have cons iderable potential in agroforestry research . For further 
information , aee P .  A. Huxley , ed. , Metbo4o1ACY fgr the kPloration and 
Assessment of Hultipurpote Trees, Part 4F . 

For additional information concerning statistical analysis , aee 
Frank Freese . ElementatY Statistical Methods for Foresters. · 

Agricultural Handbook 317. Washington, D.C.: Forest Service ,  U . S .  
Department of Agriculture , 1967 . 
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SOIL CHABACTERIZATION AN]) MONITORING 

GENERAL REMA1U(S · 

The soil , climate , and associated biota comprise the environaent from 
which we select candidate N·fixing trees and into which we place them for 
tes ting and evaluation . It is as important that we document several of 
the soil characteristics as it is that the climate and location be 
documented. This is true for both the site of origin and the site of  
evaluation. Unless the evaluation site is  described in soae detail ,  it 
will not be possible to extrapolate results from one site to another . 

Certain soil characteristics can be observed and recorded in the 
field . These are mostly physical properties and include such things as 
soil horizon thickness , color , and s tructure . Other important , but 
unseen, features such as soil acidity or nutrient levels .ust be 
determined in the laboratory. These are aostly chellical properties of the 
soil. The soil biota include the n·fixing microbes and the �corrhizal 
fungi . They are discussed in detail elsewhere in this aanual . 

Some soil characteristics are relatively stable and need to be 
determined only once. Other soil characteristics are more cbaftseable . 
For the site of orisin they may be recorded once or seasonally. For the 
.. ita of evaluation , they will need to be determined at least annually . If 
determined annually , it is important that the soil samples be collected at 
the saae time each year . 

SOIL CLASSIFICATION 

In order for people in various parts of the world to understand 
soaethin& about the soil from which a species is collected aDd in order to 
compare their soils with those involved with the species evaluation, it  is 
necessary that the soils involved be class ified in a systea that is widely 

. understood.  Two such systems exist. They are s imilar in JUDY respects 
and senerally a soil class ifed under one system may be classified under 
the other. Thus soils should be classified according to either the system 
described in Soil Taxonomy ( Soil Survey S taff , 1975) or by FAO (Dudal, 
1968, 1970 ) . For a comparison of the sys te .. and other related 
information , see luol, � Jl. (1980). Classification will  tell the reader 
much about the soil ' s  orisin . and general characteristics . Specific 
details concernin1 the present condition of the soil mu.t be determined by 
soil analysis . 
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SOIL ANALYS I S 

S o i l  properties to be determined ini tially 

Texture i s  one o f  the mo s t  s tabl e  charac ter i s t ic s  o f  the s o i l . I t  
i s  s ignificantly affec ted only by eros ion . I n  that case , the s o i l  
par t i c l e s  are phys ically moved by water ( or wind) and depos i ted 
e l s ewhere . Thus , in the abs ence o f  s ignificant eros ion , texture may be 
de termined once and then as sumed to remain unchanged for a very long 
t ime . 

So i l  texture should be de termined by the Bouyouco s  hydrome ter me thod 
( Day , 1 9 6 5 ) . The percent sand , s i l t , and c l ay and the textural 
c l as s i fication ( e . g . , s i ley c lay loam) should be de termined for the 
fo l l owing dep ths in the s o i l : 0 - 1 5 , 1 5 - 30 ,  and 3 0 - 50 em . In s ome cases , 
i t  w i l l  be nece s sary to de termine texture by hor i z on ( e . g . , s eparat ion 
of ul t i s o l s  from oxi s o l s ) and thi s  may require s amp l ing b e l ow the 50 em 
leve l . 

S o i l  properties to be de termined more than once 

The fo l l owing tab l e  l i s ts the s o i l  prop e r t i e s  to be measured , the 
uni t s  of expre s s ion , and a no tation regarding the me thod to be us ed . 
These prop e r t i e s  are usually de termined on the 0 - 1 5 em s o i l  dep th . 
O ther dep ths ( 1 5 - 30 and 3 0 - 50 em) are opt ional . 

From the informat ion on the table , which mus t be de term ined in a 
laboratory , the fo l l owing two values may be calculated . The f i r s t  
shoul d be done f o r  al l s o i l s  whi l e  the second is needed only f o r  those 
s o i l s  that are more ac idic than pH 5 . 5 .  

E f fe c t ive cat ion exchance capac ity C ECEC) : 

To de termine the ECEC , the meq/100 g o f  Ca , Mg , K ,  and Al are 
summed . If Na i s  found to be a s ignificant cat ion , i t  should also be 
added to th i s  sum . 

Percent Al saturation : .  

In thos e  s o i l s  that are more ac idic than pH 5 . 5 ,  Al o f ten occup i e s  
much o f  the nutr i ent - ho l ding capac i ty ( ECEC ) o f  the s o i l . In add i t ion , 
Al i s  qui te toxic to many p l ants and may be direc t ly respons ib le for the 
fa i l ure o f  introduced plants to survive and grow in a new environment . 
To de termine the \ AL saturation , divide the exchangeab l e  Al ( meq/100 g )  
b y  the ECEC and exp r e s s  the resul ts a s  a percent . S o i l s  tha t  are l e s s  
that 40% Al s aturated wi l l  no t caus e trouble excep t  f o r  ve ry sens i t ive 
p lants . 
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S o i l  proper ty 

Ac idity 

Avai l ab l e  nutr ients 

p 
Cu 
Fe 
Mn 
Zn 

Exchangeable e lements 

K 
Ca 
Mg 
Al 
H 

N i trogen 

Total 

Organic carbon 

Uni ts 

pH 

ppm 

Me thods 

S o i l : wate r , 1 : 2 . 5  (V : V) , pH me ter 

Modified Olson soil extrac tant 
(Hunte r ,  1 9 7 9 ) . See be low for 
de tails o f  me thod . 

S o i l  to be extrac ted with 1 M 
NaCl . Potas s ium to be de termined 

meq/100 g by flame phome try and Ca and 
Mg by atomic absorpt ion spec tropho tome try . 
Hydrogen and Al to be de termined by 
by t i tration ( Thomas , 1 9 8 2 ) . 

t Kj e l dahl ( Bremner and Mulvaney , 
1 9 8 2 )  

ppm (Keeney and Ne l s on , 1 9 8 2 )  
ppm ( Keeney and Ne l s on , 1 9 8 2 ) 

t Chroma t i c  ac id ox i da t i on o f  Walkley 
and B l ack ( Ne l son and S ommers , 1 9 8 2 ) 

The remaining t e s t s  are op t i onal or are requi red in spec i f i c  areas . 

Bulk dens i ty 

F i e l d  capac i ty 

E l e c tr ical capac i ty 

Exchangeabl e  Na 

g/ml 

mmhosjcm 

Oven - dry we i gh t  of undi s turbed c o r e  o f  
known vo lume ( B l ake , 1 9 6 5 ) . S amp l e  
usua l ly taken from the surface o f  mine r a l  
s o i l , mineral s o i l , b u t  may b e  taken from 
any depth ( s )  o f  interes t .  

We igh t  o f  water l o s t dur ing oven - dryi ng , 
div i ded by the oven dry we i ght o f  s amp l e  
taken from 5 - 1 5 e m  dep th after 
gravi tat ional water has dra ined from 
thoroughly we tted s o i l . Usua l l y  require s 
one day in s ands , two days in loams , and 
three days in c l ays . 

Use conduc t iv i ty me t e r . Te s t  only required 
where there i s  reason to susp e c t  h i gh 
s olub l e  sal t c ontent o f  the s o i l . 

meq/100 g See o the r exchange ab l e  e l ements ( above ) for 
me thod . Only required whe re the re is 
reas on to susp e c t  high s o luble s a l t  
content o f  the s o i l . 
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Modified Olson extrac t ing so lut i on C Hypte r . 19 7 9 )  

Hunter ' s  (1979) modification o f  the Olson extracting solution adds 
EDTA to the basic NaHco3 solution . This al lows the determination of 
additional elements . Details of the preparation and use of the 
extracting solution are as follows : 

Preparation : 

1 . Dissolve 420 g of NaHC03 in dis tilled water . 

2 .  Dissolve 37 . 2 g o f  di - sodium EDTA in distilled water . 

3 . Mix the above two solutions in dis tilled water and bring the total 
volume to 10 liters . This final solution will be 0 . 5N NaHco3 and 
O . OlM EDTA . 

4 .  Adjust final solution to pH 8 . 5  with NaOH . 

5 . Store in a polyethylene bottle . 

Proce4ure for use : 

1 .  Add 2 . 5 ml of dried , seived (2 mm) soil  and 25  ml of the extracting 
solution to a beaker or bottle . 

2 .  S tir or shake for 10 minutes .  

3 . Filter until solution is clear . 

4 .  Analyze for the appropriate e lements ( see  above tab le ) .  
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AREAS OE SUGGESTED nELD STQDY : 
FOUSDY . AGRQFORESIBY . AND MICRQSYMBIONIS 

Grants in the CRG program have been awarded on the bas is of 
proposals subaitted to the Committee . Th'is section has been prepared to 
ass is t  the researcher in deciding exactly what to study under the 
purview of the grant . Three broad areas are discussed : forestry , 
asroforeetry ,  and aicrosyabiont research . Of these , only the 
aicroeyabiont section is discussed in depth, because there is a wealth 
of inforJUtion on •thodology in the literature for the other two 
topics . Also , ..-bare of the working sroup feel that the effort to 
standardize aethodology in aicrosyabiont research will be particularly 
worthwhile , as standard •thoda do not currently exist . 

Unforeseen circuastances , such as staff chan&•• · disruptive climatic 
events , or chanses in administrative policy , can always occur , requirins 
the reassessaent or .odification of eoae areas of investi&&tion, even 
after the proposal -has been approved . The areas of interest listed here 
should assist the researcher in aodifyins study obj ectives . 

FORESTI.Y RESEARCH 
-. 

It is hoped that the CRG srants will contribute sreatly to the 
knowledge concernin1 fast - srowins tropical trees , particularly those of 
use to saall faraers as sources of food, fuel , fodder , and other 
products . The followins areas are aaons those of interest to the 
prosraa . 

Species Triala 

It is always valuable to have an opportunity to evaluate recommended 
exotic species in association with locally preferred ones . In general , 
randoaized coaplete -block designs are beet  when few species are being 
studied ; the augmanted-block des ign is perhapa bes t when many species 
aust be studied . 
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Spacinc Studies 

Increas ing the population of trees per hectare serves to reduce 
cU ... ter growth urkedly and height development so .. wbat . Yet , close 
spacings often yield the greatest biomass per unit area . The exact 
relationships of this pheno .. non have not been worked out for � of 
-the species of interest . Aupented-block desipa and systematic • fan• 
desipa are �est  for screening a large array of populations directed 
toward the development of responae curves . 

Fertilization 

Fertilization , known to pay in most forestry scheaes , is an 
attractive area of s tudy for the CRG grants. Split-plot and related 
designs are best employed for factorial s tudies involving a few species 
and a few rates of fertilizer or other soil amendment . It  is not 
advisable to include too aany treatments , as block s ize can become quite 
large , exacerbating already beterogeneoua conditiona in most fields . 

Ad;ixtu;e Trials 

The role of tree legumes as a source of nitrogen fertility in 
forestry plantations is little understood , although it appears to be a 
promising practice where it bas been employed. Typically , such 
experiments utilize the randomized-block design, although systematic 
arrangements could be of uae . A timber or pulp species is interplanted 
at varying rates with a suitable nitrogen- fixing tree that grows at 
about the s... rate . I t  is easy to 1l&ke profound errors in j udgement 
when planning such experiments . Hence . the advice of experts and a 
thorough review of the literature are recommended . 

Allometric Relationships 

Such studies involve the development of predictive relationships 
among trunk volume or we ight , branch weight , caloric value , leaf yield , 
etc . , and independent measurements such as tree he ight ,  diameter breast 
he ight , and spacing .  Such relationships are mos t  precise when trees are 
des tructively harvested . Thus , it is best to include such $ tudies as 
part of some of the other topics presented above . An extra replication 
could be established for this purpose with little extra time and effort . 

Germplasm Conseryation 

As described in •Tree Germplasm Collection and Handling , • germplasm 
collection and evaluation is a maj or thrust of the program . Such 
collections are usually ongoing over a period of years ; hence , it is 
wise to des ign evaluation trials that can be enlarged as more seed is 
collected . 
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Breedinc •n4 Breedinc Systems 

Little is kDovn of the breeding syse ... of most nitrogen- fixing 
species .  This is unfortunate , as little progress in breeding superior 
eypes can occur UDtil this infor.aeion beco.es &Yailable . Much can be 
learned by st.ple baaging and the hand-pollination of the flowers of 
these species . Breeding work atX aa is not advised , as it often entails 
a commitaene far beyond the scope of most  CRG grants . 

AGR.OFORESTR.Y RESEAR.CH 

The role of nitrogen- fixing tre•s in agroforestry research has been 
demonstrated in numerous casual observations of field plantings and 
traditional cropping systems . Yet ,  surprisingly little hard data exist 
on agroforestry systems . There is a great need eo quantify yields and 
devise sound manag..,ne methods in agroforestry research . The use of 
appropriate exper�ntal designs and strict adherence eo scientific 
principles are essential when approaching agroforesery research . The 
role of the CRG grants program is eo critically assess , not casually 
interpret ,  agroforesery systems . 

Special Screenin1 

Outs ide of yucyna , Gliricidia , and a few Prosopil and Acacia 
species , not much is known of the potential of tree species in 
agroforesery systems , particularly nitrogen- fixing species . Fo�r 
analysis , combustion characeeristics , coppicing abiliey , ace . , are 
poss ible areas of screening for agroforesery potential . Accepted 
laboratory techniques , which are not listed here , should be used . 

Hedcerqw Manacemene 

Most agroforesery syseeu currently being advanced involve the use 
of tree hedgerows under intensive management . Randomized coaplete -block 
designs are most appropriate for this eype of research . Maj or variables 
eypically include harvesting interval , height of cutting , species 
selection , plant population , and the like . 

Croppins Sy•t••• 

A thorough unders tanding of the relationship between crops and trees 
in agroforesery systems is a cruc ial nee d .  Extremely little work has 
been done on this problem . . Three maj or areas are identified : 

o Alley cropp ing : Vork at the International Institute of Tropical 
Agriculture at Ibadan , Nigeria , has demons trated the efficacy of 
planting rows of crops between re latively closely spaced rows of 
trees . Either net biomass production ( and economic yield) or 
the use of tree prunings as green ·manure may be s tudied . 

- 26 -

I 

I 

I 

I 

I 

I 

I 

Copyright © National Academy of Sciences. All rights reserved.

Procedural Manual for Research in Nitrogen-Fixing, Multiple Use Trees
http://www.nap.edu/catalog.php?record_id=19249

http://www.nap.edu/catalog.php?record_id=19249


I 

I 

I 

I 

I 

I 

I 

I 

• 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

o Stabilization of shifting culcivacion : S imilar co alley 
cropping , chis research is usually confined co rolling uplands . 
Trees ar.- planted on contours for soil conservation , fodder , and 
green .anura ,  ac various spacings , in association wich crops . 

o Field cree escablishmenc : Trees are allowed co grow in cropped 
fields ac variable , buc usually very low , populations per 
heccare . The efface of nitrogen inpuc , shading , wacer 
coapecicion , ecc . , .. Y all be studied . There are IWIIarous 
cradicional sysca .. chac .. Y be studied scientifically , iD � .  
pocencially saving IIUCh tiJie . These studies are o f  great value 
in arid areas . 

MicaoSlMBIONT USEAllCH 

Generally speaking , aos t  species of fast- growing , nitrogen- fixing 
creea are nodulated by Rbizgb iwp bacteria , wbile some nonleguainous 
genera , such u Casuarina and Alnus , are nodulated by an actinomycete , 
FranJsia . Because uny of che C1tG grancs involve work wich chase 
nitrogen- fixing bacteria , procedures for working wich Frankia and 
rhizobia have been specified in chia .anual . These procedures are 
liaced in che appeDdicea and are referred co in che caxc chac follows . 
Alao included are aeveral procedures involving veaicular- arbuscular (VA) 
mycorrhizal fungi , which escablish a symbiotic relationship wich che 
rooca of many Cree apecies , facilicacing uptake of aineral aucriencs , 
eapecially phosphorus . In soae cuea , chase fungal usociationa have 
been shown co be required for successful tree escabliahmenc and growch . 

Internatignal Sgvrc•• gf Culpures 

lbizgbium and Frankia are soil bacteria that fora root nodules on 
susctpCiblt hose planes . Kechods for thtir isolation and growth in pure 
culture have been developed . Th� far , VA fungi have not been grown 
auccessfully in pure culture . 

The isolation of lbizgbiwp and Fxankia is tiJie - conswaing , and 
invescigatora noc specifically studying theae aicrosymb ionts are urgtd 
to obtain authencicaced lbizgb iwp and FriDkia strains for use as inocula 
froa che aourcea listed in Tablt 1 .  I t  may bt a better use of time and 
resource• co obtain bacterial culturta from outside sources rather than 
acc.-pc their iaolacion and culturt wichin cht purvitw of aost grants . 
Many cultures froa chase sourcta have been characterized u to thtir 
enviroa.ental tolerances . Vts icular - arbuscular mycorrhizae are 
available for inocula only fro• infecttd plants .. incained in pot 
culture . 

I t  is important chat tht institutions lis ted below be contacted and 
told of your work with aicrosymb ionts , as mos t  are interes ted in and 
have fac ilitits to handle the exchange of Rbizob ium , Frankia , or VA 
mycorrhizae . 
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Table 1 .  Sources of Rbizob ium , Frankia , · and VA Mycorrhizal Fungi for 
Inocula 

RhizobiUII : Dr . Rosemary Bradley 

FranJsia : 

Pasture Leguae Improvement Program 
Centro Internacional de Agricultura Tropical 
AA 67 - 13 
Cali 
COLOMBIA 

Prof . J .  R .  Jardim Freire 
Rbizobium KIRCEN 
IPAGRO 
Caixa Postal 7 7 6  
90000 Porto Allegre 
Rio Granda do Sul 
BRAZIL 

Dr . S . 0 .  Keya 
Departments of Soil , Science and Botany 
Univers ity of Nairobi 
P . O .  Box 30197 
Nairobi 
KENYA 

Dr . H .  H .  Keyser 
Nitrogen Fixation and Soybean Genetics Laboratory 
U . S .  Department of Agriculture 
Building OllA , HH 19 , BAR.C -Y 
Beltsville , Maryland 20705 
U . S . A .  

Dr . P .  Soaesegran 
NifTAL Proj ect and KIRCEN 
University of Hawaii 
P . O .  Box 0 
Paia , Kaui , Hawaii 96779 
U . S  . A .  

Dr' . Dwight Baker 
Battelle -Kettering Laboratory 
150 East  South College S treet 
Yellow Springs , Ohio 453 8 7 - 0268 
U . S . A .  
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Dr . Yvon Dommergues 
BSSFl' (CTFl'/CNRS/ORSTOK) 
45 bis Avenue de la Belle Gabrielle 
94160 Noaent- sur -Karne 
FRANCE 

Dr . Maurice Lalonde 
Departaent of Ecology anc:l Pedology 
Faculty of Forestry 
Laval University 
Sainte - Foy , Quebec GlX 7P4 
CANADA 

Mrs . Mary P .  Lechevalier 
Vaks11a11 Institute 
Rutaers University 
P . O .  Box 759 
Piscataway , NJ 08854-0759  
U . S . A .  

VA FUD&i : Dr .  K .  Dye 
Soil Microbiology Section 
Rothamsted Experimental Station 
Harpenden , Hertshire , AL5 2JQ 

UNITED KINGDOM 

Dr . Nor11a11 Schenck 
Plant Pathology Department 
University of Florida 
Gainesville , Florida 32611 
U . S . A .  

Dr . T im  Vood 
NPI Institute 
417 Valcara Vay 
Salt Lake City , Utah 84108 
U . S . A .  

Pottible Area• o f  Micrptymbigpt S;udies 

Before eabarkin& on studies of microsymbiontt , it is important to 
critically .. sess the capacity of existin& s taff and equipment to handle 
this difficult ,  time - consWiin& . and precise research . The work , .. 
important .. it is , will produce few useful results unless the 
experimental procedures &iven below are closely followed , particularly 
those steps iuvolvin& sterile techn�ques . 
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In soaa aicrosymbtont research , it may be appropriate to s tart with 
the isolation of native rhizobia and then compare them with tha "most 
affective strains from the above sources for the particular le�a of 
interest . · However , the handlin& of microorsanisms requires a parson 
with some microbiolosical trainins , a means of s terilizin& media and 
aatariala , and a sterile transfer hood . S ince it is often difficult to 
identify the source of nodules collected in aixad species stands , a 
• trap • plant method is r�commendad . This method , outlined in full in 
Appendix 1 ,  iavolvas srowin& seedlin&• of a des ired spec ies in soil 
taken froa around that species . After a period of time , nodules may 
then be taken from the • trap • plant . 

Nodules are also a source of plant- specific rhizobia ; thus , it is 
important to cons ider extractin& the symbionts from intact nodules .  
Also , nodules from the • trap • plant method may be used to obtain pure 
strains of rhizobia by isolation techniques .  A ••thod of isolatin& 
rhizobia fro• nodules is &ivan in Appendix 2 .  Extrema care mus t be 
taken to ensure sterile conditions when usin& this procedure . Briefly , 
the procedure involves surface - ateril izi�& the nodules ,  crushin& them , 
and incubatin& the exudate on a series of yeas t - extract mannitol (YEK) 
plates . The colonies are than transferred to asar slants and stored in 
an incubator until used . 

Sussestions for the isolation and culture of F;ankia are &ivan in 
Appendix 7. These bacteria are more difficult to isolate than 
Rbizgb iym ,  but successful culture , once isolated , i s  not difficult . 
Sources of available cultures are &ivan in Tabla 1 ,  above . 

VA mycorrhizaa have not yet bean successfully srown in pure culture , 
and one must rely on pot - culture propasation as a means of aaintainin& 
•porulating orsanisms in soil for use as inoculum . 

The next step· in the research chain is to screen microsymbiont 
isolates . The purpose of preliminary scraenin& is to compare several 
rhizobia , friDkia , or VA fun&i for infectivity and affectivity on the 
tree species to be used in the field trials . This initial screanin& 
should sraatly reduce the number of field plots required by ansurin& 
that only the aost effective microaymbionta are used to inoculate 
aeadlin&• for field trials . The procedures , detailed in Appendices 5 
( rhizobia) , 6 (.ycorrhizae) ,  and 7 ( Frankia) , can be dona in pots or 
plastic ba&• · If followed properly , these procedures will allow an 
iaveati&ator to at.ultanaously determine which isolates promote beat 
srowth in a particular soil and in which field teat sites inoculation 
will be necessary because the required microsymbiont is not present . 

Another valuable area of experimentation is the role of 
aicrosymbionta in the nursery , where the ir presence or absence can aake 
a substantial difference in the health and srowth of saedlin&• · If one 
obj ective of your study is to aslass the affect of inoculation on the 
srowth or productivity of nitrosen- fixin& trees , it will be necessary to 
set up nursery stock with and without inoculum . The followin& 
procedure , by class of symbiont , is used for this type of s tudy . 
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Rbiz9bia : 

1 .  Make a mixture of washed sand and soil from the field trial 
s ites at a 1 : 1  ratio . 

2 .  Add 2 5  ppm P ,  us ing either s imple or triple superphosphate . 

3 .  Add 100 ppm K ( as KCl or K2so4 ) .  

4 .  Steril ize this  nursery mixture with methyl bromide . Thi s  can be 
done by digging a pit 1 m x 1 m x 0 . 5  m and l ining the p i t w i th 
plas tic . Fill the pit  with the nursery mixture and add some 
water to mo isten . For greatest  effect ,  the air temperature 
should be at leas t 1 5 • c .  Cover the s o i l  in the p i t w i th 
plastic . Inj ect the fumigant under the p las t ic , us ing 1 g 
methyl bromide to every 10 kg soil . I f the field s o i l  ( s tep 1 )  
has a high level of native rhizobia , then s tep 4 may not be 
necessary ( espec ially if they are effective N2 - fixers ) .  
Whether inoculation is necessary here is bes t  determined by 
leaving some soil uns teril ized and then comparing inoculated and 
uninoculated treatments with treatments in s teril ized soil . 
Note : Metbyl bromide is toxic and mus t be used witb care . 

5 .  Wait  two days . 

6 .  D ivide the s o i l  in hal f . To one hal f  add 100 ppm N ( as urea , 
NH4 , N03 ) . 

7 .  F i l l  p l as t i c  bags ( 10 em wide by 20 em deep with drainage 
perforations at the bot tom) with e i the r the p lus or minus 
nitrogen s o i l . Do no t f i l l  to the top of the bag . 

8 .  Place three surface - s terilized seeds on the top o f  the s o i l  in 
each bag . (Use hypochlorite solution ; see Appendix 2 . )  

9 .  Add 1 ml o f the l iquid inoculum de r ived from the YEM broth 
cul ture ( s ee rhizob i a  screening s tudy) to the s eeds in tho se 
bags that did not rece ive nitrogen fert i l izer . 

10 . When choos ing an inoculum , use the s trains that the s c re ening 
s tudy indicated were the b e s t  for a particular spec i e s  and s o i l . 

1 1 . Place the bags on a bed o f  grave l or on a ra i s e d  p l a t fo rm o ff 
the ground . 

12 .  Yater when necessary with s t e r i l ized water . 

Make sure that water is app l ied until a few drops come out of 
the drainage holes in the bags . This w i l l  ensure that all of 
the soil in the bags is mois tened , and not j us t  the surface 
soil . 
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1 3 . S eparate the inoculated and uninoculated bags by a t  leas t a 1 m 
buffer s tr ip . Pro tec t bags from damage by animal s ,  ins e c t s , and 
man . 

14 . Seedl ings are ready to transplant in the field when they are 
30 em+ in he igh t . Try to t ime nursery e s tab l i shment so that the 
s eedl ings are transplanted to the field at the beginning of the 
ra iny s e as on . 

Mycorrh i z ae and Rhizob ia :  

I f  the obj e c t ive o f  the s tudy is to compare the growth o f  
n i t rogen - fix ing tre e s  plus and minus rhizob i a  and VA fungi , then prepare 
the s o i l  as for rhi z ob i a  ( s teps 1 through 6 above ) . Then : 

1 .  D ivide the fumigated nurs e ry mixture into three parts : one part 
rece ives nitrogen , one part rece ive s rhizob ia ,  and the th ird 
part rece ive s rh i z ob ia and VA inoculants .  

2 .  Mix VA fungal inoculum at the s ame rate as in the s c reening 
s tudy ( se e  Appendix 6 for thi s  rate , as we l l  as for the 
procedure to prepare VA inoculum ) , but prior to put t ing the s o i l  
i n  the bags . 

3 .  Once the s o i l  i s  in the bags , inoculate the surface - s te r i l ized 
seeds w i th the rhi z ob ium inoculum (1 ml/seed)  as was done in 
s tep 9 above . 

Frankia : 

The procedure for Frankia i s  the s ame as for rhi z ob i a  w i th respe c t  
to the div i s ion o f  s o i l  and fer t i l iz e r  addi t i ons , w i th the exce p t ion 
tha t  the Frarikia should be mixed into the s o i l  ( see Appendix 7 for 
de t a i l s ) .  

As s e s sment of Nitrocen Fixat ion in Field P l antat i ons 

As s e s sment of nitrogen fixat ion in the field is an important part o f  
research wi th ni trogen - fixing trees . Two me tho�� for as s e s s ing ni trogen 
f ixat ion are generally us e� The firs t i s  the N me thod , which 
require s c o s t ly reagents ( SN) and equipment ( a  mas s  spec trome ter ) .  
The s e c ond i s  the n i trogen - balance me thod , wh i ch requ i r e s  s imp le 
e quipment and i s  b o th low - cos t and labo r - intens ive . 

The nitrogen -balance me thod may be the mo s t  appropr i a t e  in many 
c i rcums tanc e s . I t  is particul arly suited to sandy s o i l s , but c an be 
us e d  in any s o i l . The me thod cons i s t s  o f  e s t imat ing the total nitrogen 
c ontent of the tree s tand ( inc luding the s o i l )  by the Kj e l dahl me thod , 
and compar ing i t  with the nitrogen content o f  unp l anted s o i l  o r  w i th an 

- 3 2 -

I 

I 

� 

• 
• 

• 

-
• 
I 

Copyright © National Academy of Sciences. All rights reserved.

Procedural Manual for Research in Nitrogen-Fixing, Multiple Use Trees
http://www.nap.edu/catalog.php?record_id=19249

http://www.nap.edu/catalog.php?record_id=19249


uninoculated stand of the tree species of interest . Some errors arise 
because of inputs of nitroaen in dry fallout and rain and losses " of 
Ditrosen !11. denitrification and leachin& , which are difficult eo 
aeuure . However , if one aaintains control plots , these errors should 
be ainiaized and , at worse , will lead eo a conservative estimate of 
nitroaen fixation . However , because environmental variability is often 
lara• and the Kj aldahl .. ehod cannot detect small nitroaen differences 
between ereataenes , the nitrosan-balance method should only be used when 
it can be usUIIad that a species is fixin& at laue 50 k& nitroaen/ha/yr 
and when the s� period is 5 years or mora . 

1 .  Establish four plots/species and four control plots for each 
sa.pliq tille .  It is raco11111ended that sa��plin& be dona several 
tillas ; for example , for Catuarina , plots can be harvested at 0 ,  
3 ,  6 ,  and 9 years . 

2 .  Plot size can vary accordin& to the species . 

3 .  Traataants are allocated eo plots randomly . Control plots aay 
contain natural vaaetation or uninoculatad individuals of tree 
species of interest .  If uninoculatad individuals are used , 
first establish that microsymbionts for this species do not 
occur naturally in the control plots . 

4 .  Establish at lease a 4 -.. ear buffer strip batvean plots , and 
trench around plot perilletars , if possible , eo prevent roots 
froa arowin& froa one plot eo another . 

5 .  Make reaular collections of litter , us in& mash litter traps 
raised off the soil surface and emptied weakly , and analyze 
litter for nitrosen content . 

6 .  At each sa��pl in& period , four treatments and four control plots 
are harvested , and the followin& •uure .. nes are aada : 

a .  Total nitroaen in the above - and below- around plant parts 
(weight x t nitroaen) . (Roots should be extracted to a 
depth of 1 .. tar and subsa��pled by s ize class for b iomass 
and nitrosen data�inations . )  . 

b .  Total nitroaan in the soil profile at 0 - 10 em , 10 - 20 em , and 
20 - 30 em . The number of sa��ples required will depend on the 
betaroseneity of the soil . 

7 . The amount of nitroaen fixed can be estimated by suberactin& the 
nitrosen content of the stand without nitrogen- fixing trees from 
the stands with nitrogen- fixing trees . 
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APPEl!QIX 1 

Isolation of Rhizobia 

•trtp• - Pltnc Mlcbg4 fpr QbCtinip& lbi&pbit 

1 .  for each site fro. which isolates of a particular species are 
de s i red , collect 5 k& of soil fro. the 0 · 20 ca layer . If the 
t ree •peciea under investi&&tion is present in the site , collec t 
the • o i l  fro• unde r  individuals of this spec ies . 

2 .  Mix each •oil aa.ple with 5 k& of s teri lized s and ,  veraicul i te , 
or per l i te . 

3 .  Place the •ixture in five ( 4 · inch ) c lay pots ,  or in plastic bags 
wi th ho le• punched in the botto• for drainage . 

4 ,  Plant three •car i fied and •urface · sterilized seeds per pot ; the 
•cari fication .. thod will depend on the type of seed . 

5 .  Th in to one p lant per pot when the first true leav.a appear . 

6 .  Place a hal f · inah layer of s terile sand over Cbe soil in the pot 
to prevent airborne cont .. ination . 

7 .  Water •• often as needed with sterilized tap water . 

I .  Place the pots in a alasahousa . If none is available , the 
plants can be placed outside on a tabla raised off Cba ground , 
but they aus t  be protected froa animals and adver•• weather . 

9 .  HarYast two pots after 2 aonths and check for nodules . If nona 
are present , repeat the h&rleat at 4 aontha . If no nodules have 
foraad after 4 aontha , asau.a that the species will not nodulate 
in that particular �ndad so il . 

10 . On the first data that nodules are foUDCS , raaove Cba nodules 
troa the roots and isolate the rhizobia as quickly as possible ; 
pre ferably the .... day . lf nodules aust be stored before 
isolation , place nodul•• · in teat tubas that are half filled 
vi th silica pl , &fthyclrous C&Clz , or sa. other daaa icant . 
Cover the daaaicant with a la,.r of cotton or &lass wool ,  and 
place clean noclulaa on top of this la,.r . Stopper the tube 
tiptly , and a ton under nfl"ipration. lld&obia ca be 
successfully isolated froa J0UD1 nodules atond in Cb1a ..aaar 
for u, to 1 aonth . 

11 . Iafon isolation ,  �ate the stored DOdulea by •oakt na tD 
a tart l taed tap water . 
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APPENQIX 2 

Extraction of Rhizobia from Nodules• 

Material• Required 

1 .  Clean aualin or nylon mosquito netting . 

2 . Clean (not necessarily sterile ) test tubes ( 15 mm x 15 em is 
best , but any s ize will do ) . 

3 .  Potass ium or sodium hypochlorite (available as commercial or 
household bleach) . 

4 .  S terile tap water . 

5 .  A glass stirring rod . 

6 .  An alcohol liiiP or Bunsen burner . 

7 .  A platinua wire inoculating loop . 

8 .  95t ethanol . 

9 .  Poured 10 ca petri plates of yeast- extract mannitol agar ( see 
Appendix 5 for formula) ; two to four plates for each nodule . 

Procedure 

NOTE : 

1 .  Place one nodule in a test tube 

2 . Fill  the tube one - quarter full with sterile tap water and shake 
vigorously by tapping the tube against. the palm of the hand 
several ti.Jies . 

3 .  Secure the mosquito netting over the open end of the tube . 

4 .  Pour out the water in the tube through the netting . 

5 .  Repeat steps 2 through 4 until the water poured out of the tube 
is clear . 

6 .  Add 95t ethanol to the tube to j us t  cover the nodules . 

�odified from J .  K .  Vincent . A Mapyal for the Practical 
Spu4y of Rgot-Nodule Bacteria . IBP Handbook No . 15 . Oxford : 
Blackwell Scientific Publications , 1970 . 
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7 .  Immediately pour out the ethanol. 

8 .  Pour in enough sterilizing agent to cover the nodules and rotate  
the tube to coat the sides with it . 

9 .  Pour off the s teriliz ing agent . 

10 . Fill the tube halfway with sterile water and swirl the tube to 
rinse the nodules. 

-
1 1 . Repeat s tep 10 at leas t ten times . 

1 2 . Dip the s tirring rod in the ethanol and pas s  through a flame . 

1 3 . Use the end of  the s tirring rod to crush the nodules in the 
s terilizing tube . 

14 . Spread a loop o f  the fluid from the crushed nodule over the 
surface of a YEM plate. Label the plate with the date and other 
identifying information . Make two plates from the tube . 

15 . Repeat s teps 1 through 14 to obtain the number of isolates 
des ired for each spec ies/soil combination . (No te : Five 
isolates from each species/soil  comb ination is a reasonable 
number of isolates if several spec ies or soils are be ing 
studied . ) 

16 . Incubate the plates at 26 • c  and examine them periodically fo r 
the growth of isolated colonies . Rhizob ia from some trees are 
fas t - growing ( for example , Llusaena , Prosopis , and Gliric idia 
spp . )  and will produce colonies within 3 to 5 days. Rhizobia 
from other species ( such as Enterolobium and Alb iz ia spp . ) are 

s lower growing , and will take 10 days or longer to produc e much 
smaller colonies . Most rhizobia colonies wil l  be mo ist , 
trans lucent , or whitely opaque , and some will be gummy .  Be sure 
to wait at least 2 weeks before discarding plates that show no 
growth , since some slow- growing rhizobia are very slow to 
develop vis ible co lonies . 

1 7 . Using the tran. fer loop , p ick up some material from an isolated 
colony and res treak this material onto a new YEM agar p late . 

1 8 . Yhen growth occurs on the new plate , obtain some material from 
an isolated colony and perform a gram s tain. 

19 . I f  the gram s tain is gram negative , transfer some of  the 
material from the co lony from which the gram stain was made to a 
YEM agar slant . 
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20 . Immediately label the slant and record the following information 
in a notebook : 

a .  Host plant fro• which the isolate vas obtained . 

b .  Location where the host plant was crowing , and whether it 
was grown in the field , in the greeDhouae , etc . 

C .· Soil type where the host wu arowini ( if known) . 

d .  Soil pH where the host plant vas crown ( if known) . 

e .  Colony aorphology ( traru�lucent , opaque , aw-Y) . 

f .  Colony size (diaaeter in ma )  a t  3 - 4  days for fast- growing 
rhizobia , and at 10 - 15 days for slow- crowing rhizobia . 

I ·  Whether the isolate vas fast - or slov- arovina . 

h .  Date of isolation . 

i .  N- of person who ll&da the isolation . 

j . N- of the laboratory . 

21 . Store slants in the refriaerator and transfer the isolates to 
new slants at least every 4 110nths . (Note : Soae cultures - - for 
example , so .. Sesbania rhizobia- -aay have to be transferred 
every 2 weeks . )  
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APPENDIX 3 

Authentication of Rhizobia 

1 .  Take a loopful of aaterial from a s lant and transfer it 
aseptically to a 250 ml flask containing 100 ml of YEM broth 
( see Appendix 8 for formula) . 

2 . If poss ible , place the flas� on a ro tary shaker until the 
liquid is  quite cloudy . Another way to obtain material for the 
authentication tea t , if a rotary shaker is not available , is to 
wash the bacteria off the surface of several s lants us ing 5 ml 
of lterile dis tilled water per slant . If the latter method is 
used , be sure to first make a new slant for the permanent 
culture collection before washing off the old slant . 

3 .  For aaall - seeded species (L!usaena s ize or aaaller) , the 
authentication test  is performed in test  tubes with seedling 
agar ( see Appendix 8 for formula) . For large - seeded species , 
Leonard j ars aay be used . 

4 .  Place one surface - sterilized seed in each teat tube (see 
Appendix 8 for •thoda to surface - sterilize aeeda ) . Set up 
three tubes for each species/isolate combination . 

S .  Pipette 0 . 1  ml of the broth culture or 0 . 1  ml of the aaterial 
washed from the slant over the seed . 

6 .  Place the tubes in an area where they can receive l ight ( for 
exaaple , in the greenhouse or near a laboratory window) . 

7. Vhen needed , add nitrogen- free plant nutrient solution ( see 
Appendix 8 for formula) to the large tea t  tube assemblies 
through a glass tube or a drinking straw . 

8 .  Periodically check for the presence of nodules . 

9 .  When the leaves of the seedlings in the tubes hit the cotton 
plug at the top of the tube , aseptically remove the cotton to 
allow the leaves to protrude from the tube and replace the 
cotton around the s tem to reform the sterile barrier . 

10 . If no nodules are present after 1 month , discard the assemblies 
and conclude that the isolate was e i ther not a Rbiz9bium or not 
a Rbizob ium capable of nodulating the spec ies of interest . 
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APPENDIX 4 

Screenina of Rhizobia 

1 .  Collect enough soil from the 0 - 20 em horizon in each proposed 
field test site to fill ten thick plastic bags ( 6  ca x 20 em) 
for an uninoculated control ,  and ten bags for each isolate to be 
evaluated .  Punch boles in the bottom of the bags for drainage . 
Mix the soil very well and dispense into the pots or bags . 

2 .  Place three scarified seeds of the test species on the surface 
of the soil in each pot or bag . 

3 .  Inoculate each seed by pipetting 1 ml of a broth culture of the 
Rbiz9bium to . be tested (use YEK broth that was previously 
inoculated with a loopful of .. terial from the stock slant , and 
then grown up until the broth j ust turned vis ibly turbid) . 

4 .  Cover the seeds with the .... soil that is in the bags , so that 
the thickness of the soil above the seeds equals the di-ter of 
the seed . 

5 .  Place the bags in a glasshouse or , if none is available , on a 
table outside that is raised off the ground . Shade , if 
necessary , and protect the bags from animals , pests , and weather 
extr-a . 

6 .  Group all of the bags for each isolate toge ther and separate 
groups by at leas t 1 .. ter . This prevents cross - contamination 
from one group of pots or bags to another . When watering the 
bags , use sterile tap water or sterile nutrient solution lacking 
nitrogen ( see Appendix 8 ) , and take care not to touch the 
surface of the soil in the bags with the watering device . 

7. Thin to one plant per bag when the first true leaves appear . 
Harvest when the tallest plant is 30 em tall . 

8 .  lamove the entire soil .... from the bag and carefully extract 
the roots and nodules from the soil . Exaaine the soil for 
nodules that .. y have sloughed off the roots during harvest . 
Use water if necessary to wash the soil away from the roots and 
nodules . 

9 . Cut the top portion of the plant from the roots 1 em above the 
root collar . 

10 . Separate the nodules from the roots , dry at 70 • c  for 48 hours , 
and then weigh the dried nodules . Separate leaves from stems , 
and dry and �•ish them in the same way . 
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11 . Grind s tems and leaves separately and analyze each for to tal 
nitrogen content u. ing the Kj eldahl or other s imilar method . 

12 . Calculate the effect of the different isolates on the growth and 
nitrogen content of the teat  species by subtracting the total 
nitrogen content of the uninoculated control plants from that o f  
the inoculated plants . 
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APPENJ)IX 5 

Preparation and Use of Legume Inoculant& 

This appendix describes the preparation and use of legume inoculant& 
containin& the nodule bacteria of the family Rhizobiaceae . A aood 
quality inoculant is a prerequis ite for adequate nodulation and nitrogen 
fixation . Inoculant preparation requires aseptic procedures and access 
to microbioloaical facilities . If inoculant preparation is not feas ible 
at your fac ility , specific inoculant& (cultures or a peat ·based carrier ) 
can be obtained from the NifTAL Proj ect and MIRCEN or from the Rbizob ium 
S tudy and Collection Center at the U . S .  Department of Agriculture . 

Inoculation of legumes in the areenhouse or nursery can be 
accompl ished with liquid broth culture (yeas t - extract mannitol )  or with 
a peat carrier . For use in the field with the direct seedina of 
legumes , the peat inoculant is recommended . 

Preparation of  Ingculyg 

Vhile peat is the most common carrier for inoculant& , baaasse , 
filter mud , charcoal , and li&nite have also been used . The procedure 
described below relates specifically to peat as the carrier , and it 
would apply with minor variations to the others . 

1. Particle s ize of the peat . 

The peat should be milled to particles of 200 mesh or finer 
(pass throu&h a 0 . 075  mm sieve ) for use as a seed coatina . 

2 .  Neutralization of the peat . 

Mos t  peats are too acid for use as a carrier for rhizobia 
without neutralization with lime or dolomite . Finely divided 
CaC03 &ives rapid reaction . Adj ust pH to 7 ± 0 .  3 .  

3 .  Sterilization of the peat . 

If possible , the peat should be autoclaved ( 120• c) for 2 hours , 
then allowed to cool for 24 hours , with provis ion for a•• 
exchanae . 

- 43 -

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

P r o c e d u r a l  M a n u a l  f o r  R e s e a r c h  i n  N i t r o g e n - F i x i n g ,  M u l t i p l e  U s e  T r e e s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 2 4 9

http://www.nap.edu/catalog.php?record_id=19249


4 .  Inoculation of the peat . 

a .  Culturing of the rhizobia . 

The s train( s )  of rhizobia should be grown in yeast- extrac t 
mannitol (YEM) broth ,  the compos ition of which follows : 

�HP04 
MjS04 JaCl 
Mannitol 
Yeast extract 
Distilled water 

0 . 5  g 
0 . 2 1 
0 . 1  g 

10 . 0 1 
0 . 4 g 
1 . 0  1 ( adj ust pH to 6 . 8  - 7 . 0 ) 

Autoclave at 120 • c  for 15 minutes . After cool ing to room 
temperature , 1 liter of broth can be inoculated with a 
loopful of culture from an agar slant . Fas t - growiig 
rhizobia will reach maximum cell dens ity (about 10 cells 
per milliliter) in 3 to 5 days at 25 • c ,  while slow growers 
require 7 to 10 days . 

b .  Addition of rhizobial broth to the peat . 

Vhen the strains have reached maximum dens ity , the YEK broth 
is added to the peat at a volume to obtain 35-40 percent 
moisture in t:he peat on a wet weight basis . The aut:hor 
routinely adda 100 ml of aature YEK broth to 180 g peat 
( 36 percent moisture ) . Vith the wet peat in a plastic bag , 
gently mix the contents to ensure good wetting of the peat , 
which is initially hydrophob ic . 

5 .  Incubation and storage of peat inoculant . 

Though the peat inoculant can be used after adequate mixing 
(step 4b) , best results are obtained by allowing the peat to 
incubate at room tamperature ( 2 5 - Jo• c) for 2 to 3 weeks . This 
permits the growth of rhizobia in the peat to high population 
levels . During this period , t:he bag should not be closed tight , 
as exchange of gases is important for adequate growth of t:he 
rhizobia . Do not allow the moisture content to fall below 30 
percent . If it should ,  add sterile YEK brot:h to a moisture 
level of 35 percent . The inoculant should not be kept at room 
temperature for more than 4 weeks , but should then be kept in a 
refrigerator (4• c ) . Vhen s tored at 4 • c  t:he peat can be used as 
an inoculant for up to 12 months . However ,  it is best to use 
the inoculant as soon as poss ible after the 2 - 3  week incubation . 
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Use of Inoculum 

1 .  lnoculatinc directly with YEK broth culture in the greenhou.e or 
nursery . 

Under favorable greenhou.e and nursery condition. , lesum- seed 
inoculation can be achiev.d with YEM broth culture9 Froa step 
4a above , the aature broth should contain about 10 cells per 
ala The addition of 0 . 1 al directly to each seed would provide 
10 cells of rhizobia , which is aore than adequate . At this 
rate , 1 liter of broth will permit the inoculation of 10 , 000 
seeds . After the seed is placed in a hole or furrow , drip the 
0 . 1  al directly onto the seed, and cov.r before the broth dries . 

2 . Ino_culation of legume seed with peat . 

The inoculation of seed with peat is bes t  accomplished by the 
u.e of an adhes ive . Excellent results are obtained with a 40t 
solution of gum arabic (•gwa acacia) . A 5t Mthyl ethyl 
cellulose solution can also be u.ed . The gum arabic solution is 
prepared by heating 100 al water and slowly adding 40 g with 
constant stirring . Neutralization of the solution aay be 
needed. 

The recoam.nded rate of inoculation is about 10 g of peat for 
each kilogram of seed . �ile seed size varies , the obj ect is to 
obtain seed that is visibly coated with peat . For each kilogram 
of seed , addition of 20 - 30 al of gum arabic solution should coat 
the seed thoroughly . This is followed by the addition of the 
peat , with ..S.quate aixing to give unifom coating of the 
seeds . Inoculated seed should be planted within 24 hours . In 
.the field ,  the inoculated seed should not be exposed to direct 
sunlight for long periods of time . Once the inoculated seed is 
placed in the furrow or hole , it should be quickly covered . 
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Use ful Re ference s witb De tai l s o f  
Legume Inoculant Preparation and Use 

[J . Burton . ] LIJUme Ingsulants and Tbe ir Use . Rome : Food and 
Agriculture Organization of the Uni ted Nations , 1 9 84 . 

R .  J .  Roughley , "The Preparation and Use . of Legume Seed 
Inoculants . •  Plant apd Sgil , 32 ( 1970) , 675 - 701 . 

P .  Somasegaran and H .  J .  Hoben . Methods in Llcume - Rhizgbium 
Technglgcx .  Paia : University o f  Hawai i  NifTAL Projec t and MIRCEN , 
1985 . 

J .  M .  Vincent . A Manual fgr tbe Prastisal S tudy gf Rgg t - Ng4ule 
Basteria . IBP Handbook No . 15 . Oxford :  Blackwell Scientific 
Publications , 1970 . 

Sgurses gf Rbizgbiug Culpures and Peat Ingculanta 

Refer to page 28 ,  Table 1 :  Sources of Rbizgbiug , Fr&nkia ,  and VA 
Mycorrhizal Fungi for Inocula . 

• 
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APPENDIX 6 

Propaaation and Screenin& of VA Mycorrhizal Funaia 

None of the many species of vesicular- arbuscular (VA) mycorrhizal 
fun&i have been successfully crown in pure culture . Therefore . one mus t  
culture the .tcrooraanisms by infectin& susceptible host  plants and 
.ultiplyin& the fun&i throu&h arovth and sporulation on the root 
syst .. · - a method commonly called pot culture . A starter culture or 
inoculum must be obtained from a preexistina pot- culture source . 

NOTE : 

1 .  S terilize substrate (washed sand . perlite or veraiculite or . 
preferably . soil with P content less Chat 10 ppm) in an 

autoclave or with methyl bromide (Dow Fume MC33  or MC2 ) . For 
methyl bromide s terilization . use 2 1 fumiaant per 10 kg 
substrate . Place substrate in a large plast ic bag and add the 
methyl bromide . Rotate the baa so that the methyl bromide is 
evenly distributed throu&hout the substrate . Follow the 
instructions listed by the manufacturer for us in& methyl 
bromide .  as it is a toxic substance . 

3 . Fill lara• plastic dish pans ( approximately 40 em x 40 em x 
20 ca) with the sterilized medium . Punch holes in the bottom 
for drainaae . 

4 .  If a lara• amount of s tarter culture has been obtained from one 
of the sources listed previous ly . Chen mix the s tarter evenly 
throu&hout the entire pan . If only a small amount of culture is 
on hand . place the s tarter culture in s trips across the pan and 
cover with 2 ca of s terile sand .  

5 .  Place surface - sterilized seeds o f  sudan o r  bahia crass or 
sor&hum over the inoculum s trips . or at 10 em x 10 em spacina . 
when the inoculum has been evenly mixed Chrou&hout the pan . 
These arasses serve as suitable hos t  plants for the VA fungi . 

6 .  Vater the plants when necessary . Do not overwater . 

7 .  Feed weekly with a plant-nutrient solution ( see Appendix 8 )  with 
lov phosphorus . Keep plants in full sunli&ht . if possible . 

�odified from Ferauson . J .  J .  and S .  H .  Voodhead . 1982 . 
Production of endomycorrhizal inoculum . A .  Increase and 
.. intenance of ves icular - arbuscular mycorrhizal fungi . In : 
Mttbods apd Principles o f  Hycorrbizal Res earch (N . C .  Schenk . 
ed . ) .  American Pbytopatholoaical Soc iety . S t .  Paul . Miun . pp . 
47 - 54 .  
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8 .  After 2 months , pull out a few plants from one of  the pans and 
examine the roots to see if they are infec ted with VA fungi ( see 
Appendix 8 for formula for mycorrhizal s tains ) . A dissecting 
scope is adequate to see VA fungi in roots . Kycorrhizae ins ide 
the s tained roots will appear as blue hyphae with or without 
globular vesicles . 

9 .  If roots from the tes t  plants are infected , harvest the res t of 
the plants in the pans . 

10 . Cut off the plant shoots and discard . 

11 . Chop or cut the roots with a knife or scissors and mix the 
chopped roo ts back into the sand in the pans . 

12 .  The mixture of  chopped roots and sand containing spores is the 
mycorrhizal inoculum . I t  may be divided , air dried , and put 
into plastic bags that are subsequently sealed . Inoculum 
prepared in this way and stored at s • c  has been found to remain 
viable for as long as 4 years . 

13 . To compare the efficacy of different mycorrhizae on 
nitrogen- fixing trees , add 5t vol/vol fresh weight inoculum/soil 
from the field trial sites . Fill ten bags or pots (6 em x 
20 em) with soil+inoculum for each VA fungus to be evaluated , 
and an additional ten bags with soil only to serve as controls . 

14 . The rest of the experimental procedure is identical with that 
described in Appendix 4 above ( s teps 2 through 12 , omitting 
those s teps that relate to the introduction of rhizob ia if 
mycorrhizal fungi are to be evaluated alone ) . If  VA fungi are 
being screened in the presence of rhizobia , nitrogen as well as 
phosphorus should be omitted from the nutrient solution . 

15 . At the end of the experiment , phosphorus content of seedlings 
should be assessed as well as nitrogen content . 
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APPENDIX 7 

Isolation , Culture , and Inoculation with frarikia 

Frapkia is a filamentous bacterium of the Actinomycetales that 
occurs generally in the soil . Filaments enter the roots of susceptible 
woody dicotyledonous plants (collectively referred to as actinorhizal 
plants ) , inducing nodules derived from branched and modified lateral 
roots . Vithin these root nodules , Frarikia fixes dinitrogen (N2 ) , 
converting it !i& amaonia (NH3 ) to amino acids and proteins . The 
organic nitrogen becomes available to the hos t plant and is used for its 
growth and development . 

Both in nodules and in pure culture , Frankia fora. filaments that 
branch and ramify . In 110st hos t  plants , the filaments terminate in 
swollen endings called vesicles within which the enzyae nitrogenase is 
formed . Ca•uarina and other aembers of the Casuarinaceae are 
exceptions , in that no vesicles are formed and Frankia remains 
filamentous , although capable of nitrogen fixation . ( Protection from 
oxygen denaturation is provided by modification of the host cells . )  In 
addition to vesicles , frankia often sporulate• in the nodule or in pure 
cul ture . Sporangia up to 60 um may form in cultlae , although the spores 
formed within tend to be spherical and only 1 . 0 - 1 . 5 um in diameter . 

Isolation and Cultyra of FriDkia 

S ince root nodules contain enriched colonies of Frankia , isolation 
of friDkia for es tablishing pure cultures is mos t  easily performed with 
surface - sterilized root nodules . The following procedure is a simple 
method that has been used successfully on nodules of a number of 
different host plants . 

Select freshly collected nodules . Ideally , it is useful to do an 
acetylene reduction test to demonstrate their activity in N2 fixation . Otherwise , take nodules from healthy green plants , select 
young nodules that are turgid and not excessively suberized or browned . 
Iinse the nodules with tap water to remove soil particles . Excise 
individual nodule lobes , removing nodule roots , if present . Iinse in 
distilled water several times . Surface - s tarilize the nodule lobes by 
immers ing them for 20 minutes in commercial bleach solution ( sodium 
hypochlorite solution ( 5 . 25 t )  diluted 3 : 10 in water and amended with a 
trace of detergent) . Iinse several times with sterile distilled water . 
After repeated rins ing , asaptically placa each separate nodule lobe into 
a test tube containing 5 ml of s terile yeas t - dextrose brotn and plugged 
with a cotton plug . Incubate tha tubes at 2s • c  for 7 - 10 days to tes t  
for surface - contaminating bac taria . I f  the tubes are cloudy o r  contain 
fungal growth , discard them by autoc laving . 
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Nodule lobes demons trably free of contaminating bac teria are cut in 
half wi th a scalpel or broken open with tweezers to releas e  FriDkia 
filamentou. growth , and each nodule is transferred aseptically to a tes t  
tub e  containing an appropriate nutrient medium for the growth of Frankia 
( for exa.ple , QKOD medium , or BAP medium , or K6B medium ; see 
Appendix 8 ) . Incubate the tubes at 2 s • c .  

Outgrowth of lr•nki• filaments usually occurs from p ieces of the 
nodule lobe and can fom small fluffy colonies in the mediUII in the 
tube . tJhen the growth of lr•nki• becomes apparent , the material in the 
tube can be hoaogenized or the fluffy mat transferred to fresh medium in 
a flask ( 20 ml medium in a 50 ml Erlenmeyer flask) and allowed to 
increase as a fluffy filamentous mat . Subcul ture by homogeniz ing , and 
then subdivision can be made thereafter in liquid culture (use 50 ml 
medium in a 125 ml Erlenmeyer flask) every 4 - 6  weeks . Homogenization is  
mos t  easily done with a s terile aortar and pes tle , or with a 
Potter- Elvehj em glass homogenizer . T.he culture may also be broken into 
tiny filaments by drawing up the filamentous material repeatedly through 
a large - bore needle attached to a sterile glass syringe . 

If  you are provided with a living culture of Frapkia in a small 
sterile tube in liquid medi\111 , transfer the culture , u. ing sterile 
techniques , to a flask containing Frankia mediUII ( see above ) . The 
liquid .. di\111 should remain clear with a fil .. entou. colony of Frapkia 
forming and growing at the bottom of the flask . If  the .. diUII turns 

cloudy , contaminating bacteria have entered the culture . Fungal 
contamination is probable if fila.ontous colonies with vis ible dark 
spores are seen floating in the medium . Fungal contaminants may be 
controlled or prevented by adding cycloheximide ( 100 ug/ml ) to the 
medium before �utoclaving . 

Preparation of  Frankia Inoculum 

If pure cultures of FriDkia are not available , it is s till possible 
to prepare inocula for seedlings from freshly collected nodules or even 
from dried nodules . The bas ic procedure involves grinding up nodules in 
a mortar and pestle and applying the ground-nodule suspens ion to the 
roots of seedlings or to soil aroUDd the seedling roots . 

·. 

For each gram ( fresh weight) of nodules , add 20 ml of s terile 
distilled water , and grind it  up in a mortar and pestle . I f  care is 
needed to exclude other friDkia strains as contaminants , one can 
surface- s teril ize the nodules as described above , and rinse the mortar 
and pestle repeatedly with 70t ethyl alcohol . 

The inoculUII can be applied to seedling roo ts at the time of 
seedling transfer by root - dipp ing in the suspens ion or inoculum , or by 
adding 0 . 5  ml of inoculum suspens ion to the base of each seedl ing in the 
soil  in whicb it  is to grow . 
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If pure cultures of frankia are available , one can obtain effective 
inocula from flaak cultures grown for 4 weeks in liquid medium . T.he 
fil ... ntoua ut should be reaoved fro• the nutrient aediwa by decanting 
the •diua or by centrifugation . Repeated rinaes of the filamentous mat 
with sterile distilled water are des irable . Then the FriDkia filaments 
and sporanaia , and spores which are also probably present , should be 
ha.ogenized to a preparation of finely divided fil ... nts . One can 
eaaily aeaaure the packed cell volwae (pcv) of this homogenized 
culture . Such a preparation lllkes an excellent inoculum . On average , 
0 . 1  m1 pcv is applied per seedling in plants grown in water culture or 
seedlings planted in sand or soil in containers . Application may be by 
root dipp ing or inj ection into the soil around planted seedlings . 

Seedlings should show macroscopically visible nodules within 2 - 3  
weeks , and their presence i s  accompanied by greening and new growth at 
the tips of the young plants after 4- 8 weeks . 
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APPENDIX 8 

Special Formulae and Apparatus 

A .  ytas t - Extract Kannitpl CYJMl Brptb and Acara 

�HP04 0 . 5  g 

MgS04 . 7H20 0 . 2  g 

NaCl 0 . 1  g 

Mannitolb 10 . 0  g 

Yeas t \laterc 100 . 0  Ill 

Distilled water 900 . 0  Ill 

Autoclave at 12o • c  for 15 minutes . d The YEK agar contains 15 g agar 
per liter . 

NOTES : 'Modified from J .  K .  Vincent . A Manual for the Practical Styd,y 
pf llpot -lodule Bacteria . IBP Handbook No . 15 . Oxford : Blackwell 
Scientific Publication. , 1970 . 
bean be substituted by using cheaper carbon compounds . 

c�sh yeast extract is prepared from 100 g baker ' s  compressed 
yeast mixed with 1 liter of cold water . Allow it  to stand at room 
temperature for 1 to 2 hours , autoclave for 40 to 60 minutes ,  allow 
i t  to settle ( or centrifuge ) ,  and use the clear supernatant as yeas t 
water ( the pH of the yeas t water should be 6 . 8 , if not ,  adj us t 
before adding it to the medium) . Commerc ially available yeas t 
extract can also be used ; 0 . 4  g/1 is satisfactory . 

daepeated heating should be avo ided . Therefore , make the agar 
medium in quantities that can be used with only one melting or 
preferably use the s teril ization process itsel f  to melt  the agar . 
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B .  Seedl ing Agar1 and Small Sted Tes t  Tube 
A11embly for Bbizgbia 4uthtnticatign Te1t 

CaHP04 1 . 0  g 

1C2HP04 0 . 2  g 

KgS04 . 7H2o 0 . 2 g 

NaCl 0 . 2 g 

FeC13 0 . 1  g 

\later 1 . 0  1 

Agar 15 . 0  g 

Kicronutrientab 1 . 0  ml 

Autoclave at 12o • c  for 15 minute• and diapenae equal voluaea into 
aterile teat tubea with cotton pluga . The size of the tube• will 
depend on the aize of the plant specie• . The depth of the agar in 
the tube ahould be about 5 em .  

NOTES : �odified from H .  L . . Jensen . •Nitrogen Fixation in Ltguainous 
Planta . I .  General Characters of Root -Nodule Bacteria Isolated 
fro• Species of Ktdicago and Irifgliug in Australia . •  
Prgcaadings gf tbe Linoaan Sgciety gf lry Sgutb Hal•• , 66 
( 1942 ) ,  9 8 - 108 . 
bFrom stock containing : O . OSt  B ;  O . OS t  Mn ;  O . OOSt Zn ; O . OOSt 
Mo ; and 0 . 002t Cu . 
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C .  L4rge Tes t  Iube Assemblies for 
Autbentieation of L4rge Seeded Spee iesa 

1 .  Place a glass p ipette ,  glass tube , or plas tic drinking straw in 
a large test tube . Make sure the top of the tube protrudes at 
le .. t several eentimeters above the top of the tes t tube . 

2 . Place a 2 em layer of gravel in the bottom of the tes t  tube . 

3 . Fill the rest of the tes t  tube with vermiculite or washed sand , 
leaving a few centimeters clearance at the top . 

4 .  Cap the glass tube or pipette or bend over the straw .  Plug the 
tes t  tube with cotton . Autoclave the assembly at 12o• c for 
15 minutes .  The straw or tube will be used to add nutrient 
solution to the seedl ings during incubation . 

D .  Surfaeo Sterilization o f  Seeds 

1 .  Seeda that have been scarified us ing concentrated sulfuric acid 
aay also be cons idered surface - s terilized . However , to maintain 
s terility , the acid should be w .. hed off with at le .. t ten 
rinses of sterile dis tilled water . 

2 .  Seeda scarified by us ing mechanical methoda ( rasping with a file 
or puncturing the seed coat with a needle ) , soaking in hot or 
cold water ,  or by passage through the gut of animals , should be 
soaked for 15 minutes in a 4t household bleach solution . It may 
be necessary to do some preliminary tes ts to determine if a 
15 -minute soaking in household bleach is sufficient . Rinse the 
seeds well (at least ten times in sterile dis tilled water) 
before placing the seeda in the authentication tubes . 

NOTE : 'Modified from J .  M .  Vincent .  A Manual for tbe Practical 
Spudy of Root -No4ule Bacteria . IPB Handbook No . 15 . Oxford : 
Blackwell Scientific Publications ,  197 0 . 
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I .  Scaininl pf lppC• fpr Ves ieular -A;buseular Myeorrbizal fUnlia 

Solution 1 :  lactic acid 500 •1 

glycerine 360 •1 

325 Ill 

Solution 2 :  Same 11 solution 1 ,  but add 0 . 05t trypan blue . 

Procedure : 

1 .  Clear roots in lOt KOH for one hour at 9o• c .  ( I t may be 
neeessary to repeat chis s tep several times if the roots are 
highly eolored . For highly eolored tree roots , it may be 
necessary to add H2o2 to elear the roots . ) ·  

2 .  Rinse the roots three times with tap water . 

3 . Place the roots in lt HCl for 3 aiuutes . 

4 . S tain the roots by plaeing thea in solution 2 (above ) for 
10 ainutes at 9o• c .  

5 .  Drain off the excess stain . 

6 .  Rinse the roots cviee with tap water . 

7 .  Destain further by rinsing the roots in solution 1 ,  which can 
also be used to store the roots until they can be examined 
aicroscop ically . (Note : Many tree roots take up the dye very 
strongly , so it may be necessary to soak the roots in several 
fresh ehanges of solution 1 until the roots are des tained 
sufficiently to see cht myeorrhizae . One way to aintmize chis 
problea is to always eboose the fines t roots for s taining) . 

NOTE : 'Modified fro• J .  M .  Phillips and D .  S .  Hayman . • Improved 
Procedure for Cleaning loots and S taining Paras itic and 
Ves ieular-Arbuscular Myeorrhizal Fungi for Rapid Assessaent of 
Infection . •  Transaecions of the Bri tish Mierob iolo1ieal 
Speiety , 55 ( 19 70 ) ,  159 - 161 . 
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F .  Plant Nutr ient . S o lutiona , � 

Solutign Elegent Ima tLL. &Ll H 

1 Ca Cac12 . 2H20 147 . 03 294 . 1  2 . 0  

2 p 1QI2P04 136 . 09 136 . 1  1 . 0  

3 Fe Fe Citrate 355 . 04 6 . 7  0 . 02 

4 Kg KgS04 . 7H20 246 . 5  123 . 3  0 . 5  
K �so4 174 . 06 87 . 0  0 . 5  

Trace 
Elegents 

Mn MnS04 . 7H20 169 . 02 0 . 338  0 . 002 

B H3B03 61 . 84 0 . 247 0 . 004 

Zn ZnS04 . 7H20 287 . 56 0 . 288 0 . 001 

Cu CuS04 . 5H2o 249 . 69 0 . 100 0 . 0004 

Co CoS04 . 7H2o 281 . 12 0 . 056 0 . 0002 

Ko Na2Koo4 . 2H2o 241 . 98 0 . 048 0 . 0002 

Make up the four solutiona in 0 . 5  li ter quantities and store . To 
.ate 10 . 0  liters of complete plant nutrient solution , add 5 . 0  ml of 
solutiona 1 through 4 . 0  to 5 . 0  liters of water , add 4 . 0  more liters 
of water and adj ust the pH to 6 . 8 .  Make up to final volU.. of 10 
liters . 

NOTES : �odified from V .  J .  Broughton and K .  J .  Dilworth . •control 
of Leghaemoglobin Synthes is in Snake Beans . •  Bigcbegis try 
Jgurnal , 125 ( 1971 ) , 107 5 - 1080 . 

bThe nutrient solution described above lacks nitrogen and is 
suitable for tes ting for effective N2 - fixing strains of 
Rbizgb iug .  If used in tests for VA mycorrhizae , the solution 
should be made up without added P .  
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G .  Modified OMOD Kedia1 

Cggppntpt Fipal cgncentrat iop l ip dis tilled water) 

�2HP04 0 . 3 g/1 

RaH2P04 0 .  2 g/1 

MgS04 . 7H2o 0 . 2 g/1 

KCI 0 . 2 g/1 

Yeut Extract (Difco) 0 .  5 g/1 

Bactopeptone (Difco ) 0 . 5  g/1 

Gluco•e 10 . 0  g/1 

Ferric Citrate ( lt •oln . ) 1 . 0  al/1 

Minor Salub 1 . 0  al/1 

Lip id SuppleMDtc 1 . 0  al ( 5  mg/1) 

Adj u.t pH to 6 . 8  • 7 . 0  and add 0 . 1  g/1 Caco3 . 

NOTES : 1Froa M .  LaloDde and H .  E .  Calvert . • Production of Frankia 
Hyphae and Sp9re• u an Infective Inoculant for Alnus Specie• . •  
In Syabigtic Nitrgcen Fixatigp ip tbe Mapacemept gf Temperatyre 
Fgrtata . Edited by J .  C .  Gordon , C .  T .  Wheeler , and D .  A .  
Perry . Corvalli• : Fore•t Re•earch Laboratory , Oregon S tate 
Univer•ity , 1979 . 

�ipgr Salt• Stgck Sglutign ( g/1) : H3Bo3 , 1 . 5 ;  
MnS04 . 7H20 , 0 . 8 :  ZnS04 . 7H20 ,  0 . 6 ;  CuS04 . 5H20 ,  0 . 1 ;  
(NH4) 6Mo7024 . 4H20 ,  0 . 2 ;  CoS04 . 7H20 , 0 . 01 .  

cLipid Supplement : Dissolve 500 mg of L· - lec i thin 
(commercial grade fro• soybeans , 22t phosphatidyl cho l ine , 
P - 5638 from Sigma Chemical Co . ,  S t .  Louis , MO ) in 50 al of 
absolute ethanol , and add 50 ml o f  dis t i lled water . 
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H .  Revised BAP Medium for Frankiaa 

Autoelaye Tocetber Final Cpn� . 

MgS04 . 7H20 0 . 2 mM 

Cac12 . 2H20 0 . 07 mM 

NH4Cl 5 . 0  mM 

FeNa EDTAb 0 . 02 mM 

Micronutrientsc 

S tpck use/per Liter 

0 . 08 M ( 19 . 7 2 g/1 ) 2 . 5  ml 

0 . 07 M ( 10 . 3  g/1 ) 1 . 0  ml 

1 . 0  M ( 5 3 . 5  g/1 ) 5 . 0  ml 

0 . 02 M 1 . 0  ml 

1 . 0  ml 

1 . 0  ml 

Autoclave (A) or filter - s terilize ( F) individual ly , then add to 
autoelaved solution . 

(A) Phosphate 10 mM 
buffer' 

(F) Carbon source 5 mM. 
Na propionate 

1 M 

1 M  ( 96 . 1  g/1 ) 

(or :  Na pyruvate 10 mM 1 M ( 110 . 0  g/1 ) 

10 . 0  ml 

5 . 0  ml pH 6 . 7  

10 . 0  ml pH 6 . 3 ) 

Use distilled water for all s tocks and final solution . 

Adj ua t  pH of all stock solutions ( except vitamina and 
micronutrient• ) to pH 6 . 7  or to optimum pH for a particular isolate 
( for example , pH 6 . 3  for Cei l ) . 

NOTES : 'Medium modified from M .  A .  Murry , M .  S .  Fontaine , and J .  G .  
Torrey . •Growth Kinetics and Nitrogenase Induction in Frankia sp . HFP 
Ari5 Grown in Batch Culture . •  Plant and Spil , 78  ( 1984) ,  6 1 - 78 . 

bFeNa EpTA: FeS04 . 7H20 ,  5 . 56 g/1 + Na2EDTA , 7 . 45 g/1 . Adj ua t  
pH to 6 . 3  with 5 N NaOH . 

eMiergputrients S tgek : ( g/1 )  H3ao3 : 2 . 86 ,  MnCl2 . 4H20 :  1 . 81 ,  
ZnS04 . 7H2o : 0 . 22 ,  CuS04 . 5H2o :  0 . 08 ,  Na2Mo04 . 2H2o : 0 . 025 , 
CoS04 . 7H2o :  0 . 001 . 

dvitamin Stgek :  (mg/100 ml ) thiamin HCl : 10 , pyridoxin HCl : 50 , 
nico tinic acid : 50 , biotin : 22 . 5 ,  folic acid : 10 ; Ca pantothenate : 10 , 
riboflavin : 10 . 

'Pbgsphate buffer : Titrate lM KH2Po4 ( 136 . 09 g/1 ) with lM 
K2HP04 ( 1 74 . 18 g/1) to appropriate pH ( about 7/4 vol/vol for pH 
6 . 7 ) . 

Final solution pH : us ing prop ionate 6 . 7  
us ing_ pyruvate 6 . 3  
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I .  M6B - Plus tltdiwp 

CcuapontpC 

Yeaat Extract (Difco) 

Dextrose 

Caaaaino Acida (Difco) 

1CH2P04 

KgS04 . 7H20 

CaC12 . 2H2o 

CoC12 

Hoagland' s Trace Ele .. nc Solution• 

B-D Vitaain Solutionb 

FeNa EDTAc 

Adj u.t pH to 6 .  5 

Final Conctntratiop 
C in doub lt dis tilltd wattrl 

5 . 0  g/1 

10 . 0  g/1 

5 . 0  g/1 

1 . 0  g/1 

0 . 1  g/1 

0 . 01 g/1 

0 . 0001 g/1 

1 . 0  •1/1 

1 . 0  •1/1 

10 . 0  ag/1 

NOtES : Asoagland' s Trace El .. ent Stock Solution 

H3B03 
KnC12 . 4H20 

ZnS04 . 7H20 

CuS04 . 5H20 

Na2Koo4 . 2H2o 
ba-D  Vitaain Stock Solution 

Thiamin HCl 
Nicotinic Acid 
Pyridoxin HCl 

cAlternacive : Use Stock Solution 

FeS04 . 7H2o 

Na2EDTA 

- 5 9 -

2 . 86 g/1 

1 . 81 g/1 

0 . 22 g/1 

0 . 08 g/1 

0 . 025 g/1 

10 ag/100 al 
50 ag/100 al 
50 ag/100 •1 

7 . 56 p/1 

7 . 45 p/1 
combine . 
Use 1 al/1 
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