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ENVI RO NME NTAL GUI DE TO ALFALFA GROW TH , WATER USE , AND YIEL D IN MI NNES OTA 

Brent on S. Shar rat t , Donal d G. Baker , and Crai g C. Sheaf f er* 

INTRODUCTION 

Alfalfa (Med i cago sativa L. ) is an import ant agri cult ural crop i n Minnesot a, whe re it is gro wn t o 
enhance soil conser vat i on , for green manure, for forag e , and as a cash c rop . Mi nnesota is now t he 
t hird le adi ng alfalfa produci ng state wi t h 7 per cent of the nat i onal acr eage (2.0 million acres ) . The 
cur r ent value of t he Mi nneso t a alfalfa c rop i s estim at ed at $11 mi ll i on. 

Al f alfa is cal l ed the queen of the forages beca use of i t s l ongevity, hi gh yi el d , and hi gh nutritive 
val ue , It i s grown over a wi de ran ge of 1at it udes from t he tropi cs t o th e Canadi an provi nces . The 
abi l i t y of alf alfa to adapt to ar i d and humid environment s and t o r egi ons having temperat ur es as hi gh 
as 120°F or as l ow as -83°F has result ed in it s worldwid e d i strib ut i on. 

Fou r a s pect s of al fa l f a i n Mi nnes ot a are discussed i n th i s bull etin: a br i ef histo ry , growth 
charact er i st i cs , wa t er r el at i ons , and the ef fect of cl imate on gro wth and y i el d . The in fo rmation 
cont ain ed i n t hi s bull et i n comes f rom Min nesot a- based stud i es and is for cult i vars appropr i at e for t he 
r egi on. Research f rom othe r sources i s also us ed t o prov ide i nformat i on not cover ed by Mi nnesot a 
st udi e s . 

Thi s envi ro nment al guid e i s i nt ended to be of val ue i n t he appl i cat i on of al fa l f a responses t o t he 
envi ronment. Some rela t i ons may be of onl y local appl ic at io n (e .g., calendar days ) , whereas other s 
hav e muc h br oader appl i cati on (e.g . , growing degree days and potential evapotranspi rat ion ) . The 
r elat i ons devel oped i n t his gui de ca n be used t o estimate alfalfa mat urity, potentia l product i on at 
var io us st ages of devel opment, water use and irrigation requi r ement s , and y i el ds. 

HISTORY 

Al f al f a has bee n used as a f odder i n As i a s i nce at l east 1300 BC (4) . It i s also believed to be t he 
fi r st c ro p in t he wor l d t o be domest i cat ed sol el y for fora ge . Alf alfa was f i r st brought f r om Europe to 
the Amer ic as by Spani sh and Port ugese expl orer s . It wa s int roduced to Sout h Amer i ca i n the 17t h 
centu ry and i nt o North Am er i ca i n th e 18th cent ury . It s i mpor t ance i n Amer ic an agr ic ult ure was not ed 
as ea r l y as 1793 by John Spurrie r i n his book ent i t l ed Practica l Farmer (8 ) . However , i t wa s not unti l 
the 1850s that al f al f a was succes s f ul ly cul t i vat ed in t he north-central Uni t ed States . Wendel in Gr imm , 
a Ge rma n immi gr ant, i nt roduced al falfa in to Carve r County, Minnesota, i n 1858. Thr ough nat ura l 
select i on a wi nt er- hardy ecot ype was devel oped , and the cultivar Gr imm was re l ea sed i n 1901. An 
i ndicati on of t he i ncreased usage of alfal f a from i t s i ntroduction i nt o Mi nnesota is shown i n Fi gure 1. 
The harv es ted ac re age in creased f rom about 670 in 1899 to 2. 5 mill i on in 1962 . Much of t he gai n in 
acreage over t hi s ti me was due to th e devel opment of adapt abl e wi nte r - hardy cul t i var s wi th res is t ance 
t o bacteria l wi lt ( Corynebacterium ~ n si d o s i um ) . 

GROWTH CHA RACTERISTICS 

The num ber of alfal f a harvests taken duri ng a gro wing sea son depends on the y i el d and qual i t y needs 
of t he producer. Typi ca ll y , f our harvest s ar e t aken in sout her n, and two or th ree harve st s a r e t aken 
i n nort hern Mi nnesota , where low t emperat ures l imi t the growi ng season length . Wi t h a four- cut harvest 
system in sout her n Mi nnesot a , t hr ee cutt ings are typica l ly ta ken before earl y Sept em ber and a fo ur t h 
f oll owi ng a kill in g frost that usua lly occ ur s about mi d- Oct obe r . Timing of i ndi vi dual ha rvest s befor e 
September is i nf lu enced by the relat i ve value to t he produce r of forage y ield , forage quality , or stand 
pers i stence . For da iry produce r s requi r i ng forage with hig h nut r i ent conc ent r ati on , al fa l f a is 
ha r vest ed at bud initiat io n. Hi ghest yie lds of nutr i ent s are obtai ned at one-tent h flower , wh il e 
hi ghest forage yi e1d and stand pers i stence occur f rom harve st i ng at f ull bl oom. With t hree harvest s 
the season i s di vi ded in to th e f oll owing growin g per iods : (a) spring gr owth: from th e l ast ki lli ng 
frost tempera ture (about 27° F) in sp r in g to the f irst harv es t in l ate Mayor ea r ly J une , ( b) ea r l y 

* Brent on S. Shar r at t is a soil sc i ent i st wit h t he USDA- AR S Subarct ic Agric ult ura l Resea rc h Unit , 
Fai rbanks , Al as ka . Donal d G. Baker and Cra i g C. Sheaff er ar e pro f essors in t he Depar t ment s of Soil 
Science and of Agronomy and Pl ant Geneti cs, respect ively, Universi ty of Min neso ta, St . Paul . 
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Fi gure 1. Tot al land are a in alfalfa annual ly harvested in 
Mi nnesot a and th e Uni t ed States , 1899-1983. 

s unmer 9rowth: from the fir st t o t he second harvest in mid-July, and (c) late summer growth: f rom th e 
second t o t he t hi rd harvest in l at e Aug ust. Each cutting is made at approximately one- t ent h fl ower , 
often t erm ed f i r st fl ower . Beca use growi ng season t emperatures i nfluence cr op develo pment , t he time 
i nt erval between harvest s may vary f rom year t o year. 

Growt h Curve 

Changes in pl ant hei ght , l eaf area , and dry mat t er accumulati on during a regrowth cycl e are shown in 
Fi gure 2. The alfal fa growth curve i s si gmoidal wi t h t he most rap id growth occ urr ing befor e one- tent h 
flowe r . Growt h curves under opti mal cond i t i ons can be expressed as : 

Y = Y /[ l	 + exp (5. 3 - 6.7 t o.5)] [1 ] m

where Y i s dry matte r yi el d (T/ A) at some t ime t, wh ich represent s the normalized development t ime i n 
growi ng degre e days so that t equals 1.0 at one-tent h flower; and Ym is th e maximum yi eld (23) . Under 
condi t ions conduci ve to extensive l eaf di sease , leaf l oss from lower portio ns of the canopy may reduce 
yi eld as t he crop mat ures beyond t he one- t ent h flower stage . The maximum yield will vary among 
harvest s, but it gener all y decl ines af t er t he spr ing harvest. As i ndi cat ed in Table 1, average yield 
decreases about 0. 4 T/A between harvest s based on 24 years of Vernal vari ety yield data at Ro semount 
(24) . The l ar gest yiel d for each of the three succes sive harvests during a year amounted to 3. 3, 2. 2, 
and 2.0 T/ A. Annual tota l yi eld decreased an average of 0. 3T/ A/ yr as stands aged . 

Ta bl e 1.	 Ave rage yields in the f i r st th ree product i on years of Vernal 
al fal fa grown under a t hree- ha rvest management system at 
Rosemount, MN, 1960-1983. 

Yield at Harv est 
Age of St and Sp rin g Ea rl y Summer Late Summer Annual 

Year s --------------- - - - --- Tons/Acre - - - - - - - - - - - - - - - - - - ­

One 2. 1 1. 6 1.3 5.0 
Two 2. 0 1. 5 1.2 4.7 
Three 1.9 1. 4 1.1 4.4 

4 



6
 

C\l 
.£:
o 5 

2.5 / 0\ 
• 30c ° 

<, ........
 
0' 2.0 ­C\l 

.£:
o 4 24 

... L A I~.f;;:o 
c « ........
 

<, (f) 

(f) 0' 
C 1. 5 .£:X 3 0- o

W ~ 18 c
0 6
...... 0: 

w 1.0 I ­
« 2 I- ° 12 I 

HEIGHT <..9W I- 1/10 ­

Z 

:/
0: 
« ~ ° I 

W« FLOWER r 
0.5 FULL 

LL >- FLOWER 6 
« 0:w I0
-.J 0 0 

360 720 1080 1440 
GROWING DEGREE DAYS (O F ) 

Figur e 2. Changes in lea f area i ndex , dry mat t er product i on, and pl ant hei ght asso­
c i at ed with growi ng degree days (GOD) at St. Paul . 

Leaf Area 

Leaves are nut rit i onal ly the most import ant part of the herbage because they cont a in t he hi ghest 
nut r i ent concentrat i on of any pl ant part . Thei r growt h i s character i zed by a si gmoidal pat t ern ; t hi s 
pattern i s t ypi f i ed by t he change i n le af are a i ndex (LAI i s leaf sur fac e are a , one side only, per un i t 
ground surface area) as shown i n Figure 2. The LAI of wel l-devel oped canopies ranges f rom 4 t o 8 and 
dec reases wi t h each subsequent growt h per iod. LAI ' s as hi gh as 6. 5 are common dur i ng the spri ng growth 
per i od at St. Paul . 

Changes in l eaf area and l eaf dry mat t er ar e hi ghly cor related. From st udie s at Minnesot a and ot her 
l ocat ions (25), it has been dete rm in ed t hat al falfa l eaf area dur i ng t he growi ng season can be es timat ­
ed from either l eaf or pl ant dry matter. However , t he latter i s somewhat les s precise in estimati ng 
leaf area (25) . Equat i ons expre ssing th e rela t ionshi p bet ween leaf area (LA) and lea f dry matter (LOM) 
and plant dry mat te r ( PDM) ar e (when LDM and rDMare express ed i n tons/ac re) : 

LA = 6.42 LOMO.993 [ 2J 

and LA = 2. 40 POMO.992 [ 3J 

To est imat e LA it is only necessary t o det ermine the dry wei ght of t he leaves of the plant, a t ime­
sav ing t echni que compared to determini ng l eaf area by ar ea meter s . 

Growing Degree Days 

Growi ng degree days (GOD) i s a t emper at ure- based measure of the time pl ants requi re to com pl ete 
vari ous devel opment al stages . For exampl e , GOD can be used t o mo ni to r alfalfa development and t o 
pred ict the time of harvest . Moni toring crop development by the number of calendar days has been used 
ext ensivel y in th e past ; however , GOD i s general l y more accurate . Growi ng degree days i s def ined as : 

n
 
GOD = r (T - Tba se) [ 4J
 

i =1
 

where T is t he mean dail y ai r temperature , whi ch is th e average of t he maximum and mt ntmum, Tbase is 
the base t empera t ure , and n is the number of calendar days to t he devel opment al st age of i nt ere st 
(e .g . , one- tenth fl owe r ) . The base temperature is the temperature below wh i ch growth is assumed to be 

5 



negligible. When T i s hig her t han t he Tbase , growth proceeds ; when it is lower, no growth occur s and 
GOD remai ns unchanged. Histo rica l ly, a bas e t emperat ur e of 40°F has been used for alfalfa. However, 
the appropr i at e base t emperature to use i n the above equati on was fo und to vary between t he t hree 
gr owth per i ods in Minnesota; t he appro pr i at e base temperat ur e being 36°F for the s pring period and 
appro ximat el y 50°F fo r th e ear ly and late summer periods (26). Thes e base temperat ures i ndic at e t hat 
s pr i ng air tempera t ur es above 36° F in duce a growt h r espo nse in alfalfa, whereas in the ea rl y and l at e 
summer per i ods dai ly tempera tu re s of 50°F must be exceeded for growth to occur. The f ac t t hat t wo base 
temperatu res are used fo r diffe rent gro wth pe r i odsis important re1at i ve to the GOD cal cul at ion s in 
th is bull et i n . Growi ng degree day i nformat i on for a 50°F base temperature i s usually readily avail ­
abl e , as it is commonl y em pl oyed by t he National Weather Service and the U.S. Department of Agri cul t ure 
i n di s seminati ng GO D i nformat i on. In Min neso t a , the number of GOD required for alfa lfa to reach one­
t ent h flo wer usi ng t he 36° F base is 1035 for sp r ing growt h , while for the 50°F base temperature it i s 
595 and 765 fo r t he ea r l y s ummer and l at e summer growt h per iods, res pect i vel y . Maps and t abl es of the 
no rm al accumul at ed GOD f or selected dat es and bas e t emper at ur es in Minnesota are shown i n Climate of 
Mi nnesot a , Par t XV (1 ) . 

WATER RELAn ONS 

Wat er Use and Wate r Use Ef f i c i ency 

The amo unt of dry matte r produced by a c rop i s i n di r ect pr oport ion to the amoun t of wat er cons umed 
i n evaporation and t ra ns pi rat io n. The r el ati ons hi p bet ween dry matter produc tion and wat er use , or 
evapotranspiration, for irr i gat ed alfalfa i s ill ustra t ed in Fi gure 3. The hi gh correlation (r = 0 .86) 
bet ween al f al f a yield and eva potranspirat i on in Min ne so ta i s comparable to that for the southern 
dese r t s and Great Plai ns ( 2 , 11) . 

Regress ion anal ysi s in di ca t es that yi e l ds of al fal fa harvested at one-tenth flower i nc reased by 0 . 4 
T/A for each 1 in ch of wate r cons umed i n Minn esota. Water use efficiency (WUE), the mass of dry matt e r 
pe r unit l and area f or each i nch of wa te r , however, will be smaller than 0.4 T/A/i nch when avera ged 
over bot h t he veget at i ve and fl ower i ng growth peri ods. Thisis because alfalfa stand s become more 
eff ic i ent in wat er use as the st and matu r es . Thus , growing per iod water use eff i c i ency values of 0 . 25 
T/A/ i nch ar e common at St. Paul and in ot her ar ea s of the north-central region (2). 

Da il y wat e r use duri ng growin g pe riod s generally i nc rea ses with t he advancement i n t he growi ng 
sea son due t o great er evaporati ve demand imposed upon the plant in hi gh temperat ur e and radi ati on 
i ntensity envi ronm ents . The fo rm e r condition also resul ts in sm aller plant leaves, wh i ch can offset 
t he in c rea sed wat e r use in t he l at t e r part of t he se a son. For exampl e , i n the period 1981 to 1983, the 
aver age amount of water cons umed at St. Paul i n t he s pri ng , early summ er, and late s ummer growt h 
per i ods was 0. 15, 0 .2 5, and 0 .2 0 i nch/ day, r es pect i vel y . Water use efficiency also dec rease s wi th t he 
progre ss i on of t he season because al f al fa stomat es do not completely close under hi gh moist ure s t r ess 
condi tions . Thi s res ul t s i n cont i nued t r ans pi ra ti on a nd l i tt l e g rowth benefi t (6 , 7). Th us, the wat e r 
use eff i ci ency decreased at St . Paul from 0 . 30 T/ A/ i nch i n s pr i ng to 0.25 T/ A/ i nch i n earl y summe r and 
t o 0.20 T/A/ i nch in the l at e s ummer period . 

Soi l Wat e r Ext r act io n 

A wate r ext r ac t i on pat t e r n from th e so il by i r r i gat ed alfalfa at St. Paul i s i l l ust rated in Fi gure 
4. App r oximat el y 60 pe rcent of t he t otal soil water use for a giv en grow ing period i s drawn from t he 
top one- fi ft h of t he root zone . Wat er ext r ac t i on from each subsequen t one-fi fth of t he root zone 
cor responds to about 20 , 10 , 5 , and 5 pe rcent of the total. These percentages are nearly t he same as 
t hose found for alfalfa i n Nevada (13) and Ar izona (8). For example, in Nevada, water extrac t ed f rom 
eac h s ubsequent one- f ifth of the root zone cor responded to 45, 25, 10, 10, and 10 percent of the t ot al 
wat e r ext r acted fr om the root zone . The Arizona study indicated t hat 45, 25, 20, and 10 percent of 
t he t ot al so i l water ext r acted had come f r om the top and subsequent quarters of the root zone. 

Potent i al Evapot r anspirat i on 

The am ount of wat e r consumed by a crop under nonlimiting growth conditions is refe r red to as 
pot ential evapo transpirat ion (PE) . Equations relating PE to met eorol ogic al factor s such as t empera­
t ur e and sol a r rad i at i on a r e numerous and cons ist of one, t wo , or a combination of meteorologi cal 
fac t or s i n the equ at i on (14) . The equations and thei r product , PE, can be used for irr i gation 
schedul i ng, whi c h requires a knowledge of poten tial water use by a crop . 
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Eighteen years of al fal fa water use dat a fr om Ohio indicat ed th at of the PE equations whi ch employ 
only a tempe rat ure facto r , t he Bl aney- Cr iddle equati on perfonned t he best (18). The best PE equat i on 
fo r alfalfa und er f i el d conditi ons employi ng bot h temperat ure and solar rad iati on was t hat of Jensen­
Ha i se (18) . These two equat ions were al so super i or to ot her ET equati ons es t imating al f al fa PE in th e 
seeding year in Min nesot a (16) . 

The Blaney Criddl e equati on (BC ) is defi ned as : 

BC PE = (0.0173 x T - 0.314) x KC x T x (DL/ TDL)	 [5J 

whe re T i s the average dai ly t emperat ure (OF) , KC i s t he crop coef f i ci ent, DL is daylength , and TDL i s 
th e yearly total dayli ght ho urs . PE i s i n inches of wat er . 

The Jensen-Hai se equat i on (JH) i s def i ned as : 

JH PE = (0. 014 x T -	 0. 37) x SR [ 6J 

where T i s t he average air t emperat ure ( oF) and SR i s th e solar radiation expre ssed as an equivalent 
amo unt of wat er evapora te d ( i nch) . PE i s in inches of wat er. 

The weighing l ysimet er, a prec i s i on wei ghing devic e , and t he mic rocl imat e f ac i l i t y at St. Paul were 
used to te st t he accuracy of the two PE equation s over the 3-year period 1981- 1983. Alfal fa was grown 
under nonli mit i ng soil wate r condit i ons i n t he l ysi met er and a sur rounding plot. Compari sons of 
lysi meter PE and t hat esti mat ed by bot h equat ions for the 3 years ar e shown i n Fi gure 5. The average 
daily differences bet ween ly simeter PE and th at es t imat ed by th e BC and JH equat ions we re each 0.09 
inch. The range in t he dail y differences between ly s im et er PE and BC PE was -0.1 3 t o 0.26 inch; and 
between lys imet er and JH PE t he dif ference range was - 0. 04 to 0. 28 i nch. These compari sons indi cat e 
th at the JH PE i s a bette r est imat e of t he lys imet er PE under Mi nnesota condi t i ons . 
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Figu re 5. Compar i son bet ween lysi met er measured potent i al evapot rans­
pi ra tion at St. Paul and potent i al evapotranspira tion calcul at ed by the 
Bl aney-Criddl e (o pen circles ) and Jensen- Hai se (dar k circles) meth ods . 

The JH equati on was develo ped based upon the hypothesis th at the ratio of the amount of water used 
i n evapotran spi rat ion t o th e po t enti al am oun t evaporated from a water surface by sola r radi at ion is 
correl ated wit h air temperat ure. The equat ion was modified for better agreement wit h the St . Paul 
lysim ete r data (24) . The rel at i onshi p between the ratio of lysimet er PE to dail y solar radi at ion and 
t he average dail y air t emp er at ure is plot ted in Figu re 6. 
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t ran spirat i on (PEl t o dai ly solar rad iation (e xpressed in i t s evaporat ion 
equivalent ) and dai ly t em perat ures (T) at St . Paul . 

The mOdifi ed form of t he JH equati on (MJH) der ived f rom t hi s rel at i onship i s : 

MJH PE = (0.014 x T - 0.13 ) x SR [7] 

PE is i n i nches of wat er . 

The modified and or igi nal fo rms of t he JH equation only differ i n the val ue of the i nt ercept. Int s 
differ ence indic ates t hat the amount of sol ar energy used by al f al fa in evapotranspi ration at t he same 
temperat ure i s hi gher in t he north- cent ral region than i n th e weste r n United States , wh ere Jensen and 
Hai se developed t hei r equat i on. The great er util izati on of sol ar radi at io n in al f alfa water use may be 
re l ated t o the more hum id condi t i ons and lower solar radia ti on rec eption i n t he nort h-cent ra l th an t he 
we ster n region of th e United St at es. The equal i ty of the sl ope es t imates suggests t hat the a ir 
temperat ure effect on solar energy ut il i zat i on duri ng evapotranspi ra tion is the same for bot h regions. 

The concept of PE is only appli cable t o crops havi ng well developed canopies which cover the 
underlyin g surfac e and to soi l s with a readi l y available wate r supply. In the early stages of al falfa 
develo pm ent , an adj ustment , cal l ed a crop factor (CF), must be appli ed to t he PE estimate to compensate 
for reduced wat er use when t he cr op does not completely cover the under l yi ng surface . Pot enti a1 
evapot ranspi rat i on at any develo pment al t ime can be est imat ed by th e modi fi ed JH equation and account ­
i ng for the CF as fol l ows : 

PE = CF * MJH PE [8J 

Fo r application i n Mi nnesota the CF was dete rm in ed by comparing the rat io of the ly simeter to MJH PE 
over a range of development as defi ned by GOD (24). Th i s procedure perm i t s a determination of th e crop 
factor as a function of GOD as il lu strated i n Figure 7. A curvilinear expression descr i bes the St. 
Paul dat a well, wi th the CF havi ng an upper threshold val ue of 1.0 after whi ch it remains const ant as 
GDD i ncreases • 
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Fig ur e 7. Change i n t he c rop f actor shown as a f unct i on of gr owi ng 
degree days . The c rop fa ct or i s an adj ust ment appl i ed t o evapotransp irati on 
es t imate s unt il t he devel opment of a full canopy. The growi ng degree days 
se rve as a measu re of t i me . 

The appro pri ate CF for use with the MJH equat i on i n est imat i ng al f al fa PE under condi t i ons of i ncom­
pl ete vegeta ti ve cover ca n be de ri ved as fol l ows: 

CF = 0.26 + (2.24 x 10- 3 x GOD) - (1 ,66 x 10- 6 x G002) [ 9J 

Thi s expre ss io n ind i cat es t hat CF = 1.0 when GDD i n of equal s 580 using the appro pri ate bas e t emper a­
t ure as noted i n th e sect i on on GDD. Above 580 GDD t he CF can be assumed to rema in con st ant t hro ughout 
the r emainder of t he growth period. 

Daily pot ent i a l evapot ranspirat i on cal cul ated us i ng t he modif ied JH equat i on i nc reases with subse­
quent growth per i ods (24). Account i ng f or the i ncreasing CF in th e early st ages of devel opment, 
al fa l fa under nonl imiti ng so il wat e r conditi ons can be expected t o consum e about 0. 15, 0. 30 , and 0 .2 5 
inc h/ day of water for each s uccess i ve growth per i od . These estimates, however, wi ll vary due par ­
t i cula rl y t o differences i n the climat e , and al so to soil and pl ant factors. 

Pan Evapora t io n 

Pan evaporatio n ca n be a use ful meas ure of c rop wat er use. It is generally a rapid and s i mp l e 
method t o es t imat e wat er use and i nt egrat es al l climati c fa ctors in t o a single value , the amount of 
evapora t io n. Pan evapora t ion can be measured directly or estimated from meteorologi cal data . Seven 
years of da ily dat a from St. Paul were us ed to der i ve empir ical rel ationships between pan evapora t i on 
and cl imat i c fact ors (24). Month ly cor r el ations between pan evaporation and selected factors were 
deri ved usi ng t he dail y data for each of the seven months in the growi ng season (April t o Oct ober) and 
ar e present ed i n Tabl e 2. The cor re1at i ons between evapo ra t i on and each factor change from month t o 
month . 
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Table 2.	 Stat i st i cal month l y corre l at i ons between pan evaporation and climatic 
f actors at St. Paul, MN, 1972-1978. 

Cl imat i c Monthly Correl at i onl 
Facto r Apr i 1 May June July August September October 

Sol ar Radia t i on . 59 . 64 .52 .54 . 58 . 54 .45 

Temperat ure 
Ma ximum .68 . 62 .58 . 58 . 57 .56 .60 
Mi nimum .3 5 . 28 . 37 . 37 .28 .26 .30 
Mean .56 . 49 . 51 . 51 . 45 . 46 NO 

Wi nd Speed	 0 . 01 .35 .45 .42 .41 .50 

Rel at i ve Humidity 
Ma ximum N02 NO -.26 -.39 - .39 -.59 -.53 
Mi nimum NO NO -.42 -.39 -.53 -.46 -.48 
Mean NO NO - .41 -.47 -.58 -.59 -.60 

1 Based upo n dai ly clima t i c dat a .
 
2 NO i ndic ate s that i nsuf fi cie nt data we re collected .
 

Max imum ai r temperatu re i s mo st hig hly cor rel at ed wi t h evaporation over the entire season, account­
i ng for about 35 percen t of t he variabi l ity in pan evapora tion. Empi rical pan evaporation equations 
whi ch best es t imate pan evaporat ion i n each month are li sted in Table 3. Generally, 70 perce nt of the 
pan evaporat i on var ia bi l i t y is account ed for by climatic fact or s. 

Table 3.	 Empi r i cal equat ions rel ati ng pan evaporation to cl ima t ic factors for the growing 
se ason months at St . Paul, MN. 

Mont h Eq uat i on1 

Apr il Epan -0. 30 + 2. 7 x 10-4 SR + 4. 8 x 10- 3 TX + 4. 5 x 10-4 WO 0.72 

May Epan -0.34 + 3.0 x 10-4 SR + 5.0 x 10-3 TX + 6.0 x 10-4 WO 0.72 

,June Epan -0 . 33 + 2.6 x 10-4 SR + 8 .2 x 10-4 WD 2 x 10- 3 RHN 

+ 6. 7 x 10-3 TA 0.63 

Jul y Epan -0 .30 + 2.1 x 10-4 SR + 5.3 x 10-3 TX + 1.1 x 10-3 WO 

- 1.6 x 10-3 RHN 0.70 

Aug. Epan -0. 16 + 1. 7 x 10-4 SR + 4.3 x 10-3 TX + 1.0 x 10-3 WO 

- 2.4 x 10-3 RHN 0.66 

Sept. Epan 0.0 2 + 2. 1 x 10- 4 SR + 7.7 x 10-4 WO + 3.4 x 10-3 TA 

- 3.0 x 10-3 RHA 0.74 

Oct.	 Ep an 1. 3 x 10-4 SR + 2. 6 x 10-3 TX + 5.2 x 10-4 WO 

- 1.9 x 10-3 RHA 0.74 

1	 Epan = pan evaporation ( inch/day); 
SR = solar radiation (cal/cm2 day); 
TX = maximum ai r temperature (OF); 
WO = wi nd speed (mile s/d ay); 
RHN = minimum r el ative hum idi t y (%); 
TA = average air temperature (O F) ; 
RHA = average r el ative humidi t y . 
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Pan evaporat ion can al so be used t o est imat e al fal fa PE by applying a pan fa ctor (PF ) to the pan 
evaporation. The relat ionship is expressed as: 

PE = PF x Epan	 [lOJ 

wh ere Epan i s pan evaporat ion. Th i s rela t ionshi p assumes a crop wit h compl et e cover; however , PF can 
be varied depending on the st age of c rop development. To der ive PF, t he relat io nship between l ys imete r 
PE and pan evapora t i on was evalua t ed dur i ng t he growi ng peri ods wit h t ime measur ed by GOD, Figure 8. 
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Figure 8 . Rel ati onship between t he pan factor and growi ng degree days. 

The	 r el ati onship obtai ned i n t he Mi nnesota study (24) is: 

PF = 0. 29 + (4.89 x 10-3 x GOD) - (7.43 x 10-6 x G002)	 [l1 J 

Th i s express i on i ndi cat es that pan evaporati on and alfal fa PE are equal (PF = 1.0) at 365 GOD using t he 
appropria t e base tempe rat ure . Thereafte r, alfalfa PE exceeds pan evapora ti on. Typ i cal PF values dur ing 
t he growing sea son at St. Paul are shown in Fig ure 9. Values range f rom 0. 5 fol l owing a harvest to 1.1 
at one- t ent h fl ower . An average PF for each growi ng period from regrowth t o harvest was determi ned 
f rom t ot al pan evaporat ion and ly s imet er PE data fo r each of the t hr ee growing per iods . Based upon 
exper imen t al resul t s t he PF val ues of 0. 85, 0.95, and 0.85 can be expected i n t he spr i ng, earl y summer , 
and la t e s ummer per iods, respect ivel y (24). 

GROWTH-CLIMATE RE LATIONS 

Plan ts use bot h solar r adiat i on and moi st ure i n the photosynthetic process of fi xing carbon. A 
port ion of t he f i xed carbon i s st or ed for use duri ng dormancy and fo r regrowth in spr i ng and fol l owi ng 
each harvest. The thermal envi ronment infl uences thi s process through it s effect on enzymat ic reac­
t ions whi ch can posi tive ly or neg at i vely in f luence growt h. Three environmental factors affecting plant 
growth are t he focus of t hi s sect ion: t emperature, sol ar radiation, and moi st ure . 
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Fi gur e 9 . Pan facto r ( PF) val ues t o be appli ed t o da i l y pan eva porat ion 
meas ur ement s i n ord e r t o approximate the evapot r an sp i r at i on of i r r i gat ed 
a l f al f a f r om s pri ng r egrowth t hrough a t hre e-c ut t i ng season . 

Gr owin g Seas on 

Alf a l fa surviv es i n envi ronment s t hat have ext r eme climatic conditi ons . It grows i n r eg i ons subjec t 
to a ir tempe ra t ure s as l ow as - 83° F and as hi gh as 120°F. However, growt h processe s cea s e muc h be fo re 
the se t emper at ur e ext r emes . Two important phys i ol ogi cal proce s se s t hat a ffec t growth and t hat are 
i nf l uenced by t emperat ur e are phot osynt he s i s and r es pira t i on. Phot osynt hes i s r api dly i nc reases from a 
tempe r ature of 25° F ( t empe r at ur e at whic h cell ul a r component s f r ee ze ) t o 40° F; over t hi s r ange the 
phot osynt he ti c ra t e inc r ease s 25- fo l d (1 9) . Temperat ure s betwe en 40 and 75°F have l it t l e e ffect on 
phot osynt hesi s , but above 75° F the phot osynt he t i c ra t e de c reases and becomes negl i g i bl e near 120° F. 
Respi ra t io n proceeds bot h dur i ng t he day and at n i ght , but its r ol e in growt h and accumulati on of dry 
mat t e r i s mo re pro nounced at night . Ni ght t empe r at ur es be t wee n 25 and 70°F have l i t t l e effec t on the 
re spirat i on r ate. However, above 70° F the ra t e increa ses ( 33), and th us t he pot ent i al fo r dry matte r 
acc umul at i on dec rease s. Ni ght temperat ur e s bel ow 50° F may al so have a negat i ve ef f ect on photo syn­
the si s t he f oll owi ng day by r educi ng the t r an s l ocat i on of f i xed c a rbo n from t he chl o ropl as t s (5 ) . The 
opt imum t empe r at ur es fo r growt h enc ompass a dayt i me t empe r a t ure ran ge bet we en 60 t o 75° F and a ni ght ­
time r ange of 50 and 70°F (5 , 19 , 33) . Hig h t emperat ure e nvi ronment s also ca use alf alfa t o r a pi dl y 
mature and have small l eaf areas ( 21 ) . The sm al l l eaf area and r apid matur i t y can l ead t o r educed 
c a rbohydra t e conc ent r at i ons in the roots which aff ect t he v ig o r and regro wt h potenti al of the pl ant 
(5 ) • 

Alfa lfa photosynthe s i s i nc reas es wit h sol ar radia t i on in t en sity up to approx imat el y 50 percent of 
t he maximum in t ens i t y (33 ) . The maxi mum rate of photosynt hes is occ urs when li ght satu r at io n is 
reac hed . This is at i nt ens it i e s nea r 0 .8 cal / ( cm2 mi n) (a value reac hed bet ween 8 t o 9 a,m, on a cl ear 
s umme r day at St . Pau l ). Gener ally, hi ghe r inten s i t ies result in a la rger nunbe r of s tems , smal l e r 
pl ants (10 ) , and mo re phot osynt hat e part it i oni ng into root s than stems (9) . Whil e the i nt ensity of 
s ol a r r ad i a t i on i s i mpor t ant, t he durat i on of solar r ad i a t i on above the light compen sation po in t i s of 
g reat e r impor t anc e i n d ry mat t er accumul atio n, s ince the duration sets a limit to pro ducti on ( 3) . 

Soil moi st ure is needed t o s uppo r t growth proces s es i n t he plant. Generall y , the high e r t he 
moi s tu r e cont ent of the soil i s , t he more f avo rable i s t he water st a t us of the plan t. However, alfalfa 
is pr one to phyt opht hor a root rot (Phytopht hora megas perma Dr ec hs ) under saturat ed soil condit ions 
(1 7). As a ge ne r al r ul e , growth is best when the so il moisture content is maintained bet ween 35 and 
85 pe r cent of the pl ant avail abl e wate r -hold i ng capacity (32). Although moisture level s a ssoci ated 
wi th opt imum growth vary with the water- hol di ng capac ity of the soil, the growth is equal when so i ls of 
dif fe r ent capaci t ie s a r e a t simil ar relative mo i stu r e co nten t s (i.e., similar water potential s ) . As 
t he soi l moi st ur e cont ent de creases below a cri tic al th resho ld 1evel, stomatal conductance dec reases 
and gas eous exc hange is reduced (35) . The number s of buds and stems on a plant a r e greate r under 
cond i tions of hi ghe r soil moi st ur e content (10). 
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Ha rdeni ng Peri od 

The ha rd eni ng pe r i od genera ll y occ urs in the f all when a r el ativ ely rapid decl ine occurs in day­
lengt h and i n a i r and soil t emper at ur es. The ha rdening proce ss continues until the soil pe rmanentl y 
fr ee ze s and t he preva i l in g a i r t emper at ur es remain bel ow f r ee zing. At this t i me t he maxi mum l eve l of 
ha rd in ess i s a t t a i ned (30) . At St . Pa ul t his condition ord i nar ily occ ur s in early Decembe r . Fi el d 
exper iment s with al fa l f a at Madiso n , Wi scons i n , i ndi cat e that al though the maximum hardi ness was not 
re ac hed unt il J anuary 1 , it was very 1it t l e d ifferent f r om the hardiness developed in mid - Decembe r 
(12 ). Ha rdeni ng gener all y occ ur s ove r a t emperat ur e range between 25 and 60°F with an opti mum at 40° F 
( 34) . Alterna t i ng day and ni ght temperat ures f avor hardening , preferably with wa rme r temperat ure s 
dur i ng dayli ght and cool er t em pe ratu r e s a t nig ht. 

Alfa lfa culti var s va ry i n r e spo nse to dec reasin g daylength a nd t emperat ure i n the fa ll ( 29). For 
t he winter period a r educ ed he r bage produc ti on and an increased root carbohydrate storage occ urs i n 
adapt ed dormant ( wi nt e r ha rdy ) culti vars. Non- dormant or non- winterhardy cultivars have 1itt l e or no 
respons e t o dayl engt h and t emperat ure and typic ally have great e r f all herbage production than ada pt ed 
cult i va r s . Non- do rm ant c ultiv ar s do not cons istent ly overwin ter i n Mi nnesot a. 

Alfalfa unde rgoe s many phys i 01 ogic al ch ange s duri ng the hardeni ng proces s, most notabl y i n t he 
crown and root s , whic h en able it to sur vi ve t he extreme cold temperatures of win ter in the nort he r n 
United St at e s . The c hange s occur r i ng in t he plan t cells as hardening commences include: (a ) a 
decrea se in t he cell ul a r water cont ent , (b ) an inc rease in bound wat e r concentra tion of ce lls , (c ) 
structu r al c hange s i n t he protopl a sm , and (d) an i nc rea se in s ol utes and t ransformations of carbo­
hyd rat e f rom a stored (st a rc h) t o a mob ile form ( sucro se) (3 1 ) . 

Sol a r r ad i ati on i s i mport ant i n promot ing hardening of alfalfa pl ant s . Generally, grea t e r in t en­
s it ie s fav or a hig he r phot osynt het ic r at e , whi c h res ults i n increased ca r bohydrate storage . The 
pos iti ve r el ati onshi p between sol ar r adiat io n i nt ens ity and hardiness app lies onl y when a ir t empe ra­
tures are bet ween 40 and 85°F. Below 40°F hard iness is i nf luenced by t he phot oper i od or t he quant i t y 
of s ola r r ad iat i on r ece ived. A doubli ng of the s ol a r r ad i at i on re s ult s i n nea rly a t wo- f ol d in c reas e 
in hardiness ( 34). 

The role of soil mo i s t ur e in the hardeni ng pr ocess is not f i rmly est ablished, although sa t urat ed 
soil s are not conduc i ve t o ha rd eni ng. Appa r ent l y so i l moi st ur e plays an i mpo r t ant ro l e in t he 
t em peratur e r e l at io ns of t he pl ant. Under sho r t pe r i ods of col d t empe r at ur e s , soil s with a higher 
moisture con tent cool more slowl y beca us e of t he ir increa s ed th e rm al capacity. However , he av ing of 
al f a l f a is more pr onounced in hi gh moi stu re so il s . In addition , bec ause a i r is a be t ter insulator tha n 
is wate r or i ce , hi gher soil moisture level s may ult imat el y result i n lower so il and plant t empera­
tu re s. 

Wi nt er 

Of t he four seasons , win te r may be the most import ant i n te rms of al f al fa st and mai ntenance and 
l ong-te rm product i on. Met eorol og i c al f actors ar e impor t ant i n wi nt e r i nj ury sus t a i ned by alfalfa , but 
t he rel at i ve import ance of the f ac t or s appear s t o d iff e r between cl imatic regi ons . Possibl y the two 
most important f acto r s are a ir t emper at ure and s now c over (22) , bot h of wh i ch i nfl uenc e so il t emper a­
t ur e . Alfalfa st and l oss is l a r gel y due to let hal soil t emperat ur es . Other met eo ro l ogical l y in duced 
cond it i ons whic h i nfl uence wi nt e r survi va l are periods of alt ernating temperatures and i ce sheeting. 
Alte r nat i ng t empe r at ur es may 1ead t o fr ee zi ng and thawi ng of t he so i 1 and resu lt i n heavi ng of t he 
plan t s . In add i t io n , alfalfa r eg rowth may be s t i mula t ed dur i ng wa rm periods only t o be foll owed by 
killing tempe r atures . Ice she e t i ng , whi ch occ ur s largel y on poorl y dra ined so i l s , r educes t he gaseous 
exchange between the so il and the atmos phe re . The buil d- up of r espiratory product s in the soil is 
l ethal to al f a l f a. 

Fre e zi ng of alfalfa c rown and ro ot c ell ul ar ti ssue may begi n at t empe r at ures near 25° F (20) . 
Howeve r , it i s not until temperatu r e s drop below 15°F that substant i al inj ury occu r s t o this tis s ue ; 
t he 15°F tempe ratu r e appea rs to be ne ar t he l etha l poi nt ( 31). In regions with continenta l c lim ate s , 
s uc h as Mi nne sota , air temper at ure i s th e mo s t i mportant me teorol og ical factor i nfl uenc i ng alfalfa 
in j ur y . Ai r tempe r atu re is l es s i mport ant in mar itime cli mat i c regi ons wher e moist ure in the f orm of 
r a i n or snow ( i ce sheet i ng and heavi ng) cont r i but e s most to injury ( 22). 

Snow in s ul ate s t he soil from extreme co l d air t emperat ur e s . Thi s insula t ion reta rds and oft en 
pr events t he so i l fr om reac hi ng temperat ures wh i ch coul d be leth al to the alfalfa c rown and root s . The 
amount of snow r equired t o i nsul at e the so i l from reachin g t emperatures as low a s 15°F is de pe nden t on 
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s ev e r a l facto r s , in c lud i ng t he equiva l ent wate r cont ent of the snow (its density), i ce c rystals fonned 
i n the s now, and t he moi st ur e content of the so il . One i nves t i gation found that 4 inches of snow was 
suf f ic ient t o completel y in s ula t e t he soil (15). However , to define t he in sulat ing quality of snow at 
vario us dept hs , a g r aphi c repre se ntati on i s pr ovid ed in Figure 10 of the amount of snow r equired t o 
mai nt a i n a ce r ta i n soil t empe r at ure fo r any air tempe r at ure based upon results at St. Paul. Fo r 
example , about 5 i nches of s now i s needed to prevent the soil tempe r a ture from dropping below t he 
l et ha l t empe r a t ur e (l 5° F) when t he ai r tempe r atu r e is OaF. A s now depth o f about 6 inches is us uall y 
s uff i ci en t to maintai n so i l t emperat ur e s abov e the let hal tem pe r a t ur e of al fal fa for the extreme ai r 
t em pe r at ur es encounte r ed in t he no r t h- cent ral Unit ed St ate s . 
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Fi gure 10. Ave r age depth of s now i n inc he s fo r a g i ven ai r t emp­
erature t hat wi l l keep t he shallow soil t emper at ur e a t or above t he 
i nd i c at ed t emperatur e. Beca use t he dens i t y of snow vari es g r ea t l y , 
t he val ues s hown a r e onl y a ppr oxi mat e and s hould be us ed wi t h caut ion . 

YIELD -CLIMATE RELATI ONS 

The pro ducti on achi ev ed at e ac h ha rv est du r i ng t he ye ar i s dependent on c l imate , soil , and phys i o­
l ogi c al f ac t ors. Pos si bly the l east known and st udi ed of these f acto r s are t hos e r el at ed to c l i mat e 
( 27 , 28 ) . Under hi gh management in put s , it may be assumed that pr oduc t i on is 1 imi t ed at any one 
ha rvest i n t he season by t he c li mat e and t he yi e l d f r om the previous harvest. The previo us harve st abl e 
yi e l d is r elated t o t he am ount of root and c rown carbohyd r at e s stor ed in t he ti ssue, whi c h i nfl uences 
t he r eg rowth pot enti al o f t he pl ant ( 31) . Spri ng pr oduc t i on i s de pendent on the previo us l a t e s umme r 
yi e ld and the cl imate s ince t he 1ate s umme r ha r vest. Si mil arly, early and 1ate summer yi e l ds a re 
dependent on t he previ ous y i el d and t he c limate dur i ng the r egrowt h peri od . The cl imatic factor s mos t 
i mpor ta nt to s pr i ng , ear l y s ummer, and late s ummer y ie ld s are l isted in Tabl e 4. Mult i ple r egr ess io n 
e qua t i ons a re 1 i s t ed f r om whic h t he r es ponse i n yi e ld t o cl imatic f acto r s can be assessed. The 
r esp onse in yi el d t o t he se fa c t o r s i s not nece s sa r i l y equal i n all pr oducti on yea r s , giv en the dif­
f e r ent st and c harac te rist i cs . Quant i f i ed respon ses referred to he reafter ar e based upon a 68- pe rc ent 
c hance t hat an in c r ease or decrease i n the c l imate fact or is wit hi n t he spec i f i ed amount. 

Spr i ng Ha rvest 

With Mi nne sota based st ud i es ( 24 ) it was dete rmi ned that yields of one-year-old stand s a r e favored 
by hi gh l evel s of pr ec i pi t ati on i n the f all pr eh a rdeni ng pe r i od , the t ime from late s umme r harv est t o 
the fi r st occ ur r ence whe r e t he max imum ai r temperat ur e i s 60°F or less . Pl ant growth is act i ve dur i ng 
this pe r i od ; ther e f or e , pr eci pitat ion wi l l promote growth a t a ti me of the year when so i ls ar e norma l l y 
l ow in moist ur e. Acti ve g rowt h pr omot e s carbohydrate synt he s i s and storage, whi c h is needed f o r 
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wi nt e ri ng . Each addit i onal i nch of pre cipitation re ceived dur ing t he pr ehar denin g pe r iod inc rease s 
spr i ng y i el ds of one-yea r- ol d st ands by about 0.1 T/A. 

Tab1e 4. Envi ronment a1 f act ors most impor t ant in yi e1ds of alfa lfa under a t hr ee- har vest 
manag ement system and t he assoc iat ed relationships . 

Har vest St and Age Equat i on1 

Years 

Spring	 On e SGY O 1.81 + 0 .078 x PHP N 0. 40 
Two SG YO - 7.41 + 0 .059 x FLTX + 0.056 x SGTX + 0.053 x WRTN 0. 50 
Thr ee SG YO 3.08 + 0. 0035 x FLSR 0. 049 x FLT N 0. 45 

Earl y Summer	 On e ESYO 1. 13 0.0126 x ESWO + 0.0032 x ESSR 0. 24 
Two ES YD 6 .6 1 0.0897 x EST N 0.3 7 
Three ES YO 0 . 46 + 0.0963 x ESPE 0.3 3 

Lat e Summer	 One LSYO 1.66 0.685 x ESMR 0. 26 
Two LS YO - 1. 72 + 0.0525 x LSTN 0. 48 
Three LSYO 0 .6 2 + 0 . 112 x LSPN 0. 61 

1	 Two-let t e r prefi x on f act ors i ndi cat es growt h period : SG = spring, PH = prehardeni ng, FL = fall , 
WR = wi nt er , ES = ea rl y s ummer , LS = l at e summer. Fact or s are: YO = yiel d in t ons/ acre , PN = 
prec i pi tat i on in inches , TX = ma ximum ai r t empe rat ure i n of , TN = mi nimum air t emperat ure in of , 
SR = solar radiation i n cal /(cm 2 day) , WO = wind speed in mi les/day , PE = potential 
evapot r ans pirat i on i n i nc hes , MR = mo ist ure rat i o of preci pi t at ion / PE. 

Fall and spr i ng maximum air t emperat ures and winter minim um air temperature s posit i vel y i nfl uence 
s pr i ng y ie l ds of t wo-year- old st ands . The importance of fall temperatures may be related to the 
posit i ve photo synt hes i s re sponse t o hi gher dayt ime t empe ra t ures , es pec i all y at the t ime of t he year 
when temper at ur es drop be lo w t he phot osynt het ic opt imum of 50 t o 75°F. Wi nter minimum t emp er at ure s 
posit i vel y in f l uenc e sp r in g yi elds by redu ci ng wi nter i nj ury. Generally a 2°F inc rea se i n any of t he 
th ree temper at ure facto r s ( f all and s pring maximum and wi nte r mi nimum) re sult s in a 0 . 1 T/A i nc rease in 
spring yield . 

The fall season appear s t o be the most import ant to spring yi eld s in t he thi rd product ion year . 
Sol ar rad i ation posit ively affect s and mi ni mum a ir temperature negat ively affects yie ld. Gre ater 
sol ar radiati on may support more t op growth prov ided the pl ant mo i stu re st a t us i s f avorable. Inc rea s ­
i ng t op growt h i n the f all c reate s t he potenti al to st ore more root c arbohydrates, which i nfl uences 
both t he wi nt er survi val and s pring yi el d . The mi nimum air t emperat ure is important in t e rms of pl ant 
respi r at i on. The hig her t he night a ir t emperat ure is, the greate r i s plant res pi rat ion, whi ch resul t s 
i n l ower dry mat t er accum ul at i on. The rel atio nships found (24) suggest that for every 1°F rise i n fal l 
mi nimum ai r tempe r at ur e or 36 cal /cm2 dec rea se i n sola r radiatio n, s pring yi el ds decrease by nearl y 
0. 1 T/ A. 

Ear ly Summer Harvest 

In the f i rst product io n yea r , early summer yie l ds are posi tively and negatively influenced by earl y 
summer sola r rad iation and wi nd s peed, respect i vely . The negati ve e f f ect of wind speed on yields can 
result from t wo phenomena. Wi nd c re ates a response in plants call ed "thigmomor phogenes is ," whi c h is 
descri bed as a shortening and t hi ckeni ng of st ems caus ed by mechani cal di srupt i on o f t he pl ant. 
Shorteni ng of plants due to st r ess, eit he r mechanical or environmental, can result in redu ced yi elds . 
Secondly, under condit ion s of adequat e soil mo istu re, wind enhances atmospheric mi xi ng and i nc reases 
t he vapor pressure def i cit at t he t op of t he canopy . Increas in g t he vapor defic it leads to hi gher 
evapotrans pi r ation ra t es and create s the pot ent ial for water stress if th e atmosphe ric demand i s gre at , 
t hus caus i ng an imbalan ce i n pl ant wat er st at us and eventually reduci ng growth. Early summer yi el ds 
ca n be expect ed to i nc rease by 0 . 15 T/A for each 40 cal/cm2 in c rea se i n solar radiation and also to 
i ncrease 0.3 5 T/A for each 1 mi/hr dec rease i n wi nd speed. 
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