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A11 approxin~atc mctliod for dctcrmini~ig nitrogcci productivity (bio~iinss i l~crcasc pcr icciit ciitrogcti and day) i l l  I'irtl~s 
.sy/~~c,s/ri.r L. sccdlil~gs usctl in a prcvious cxpcri~nctit was compnrcd wit11 a morc rigororls ~nclliotl requiring a largcr ~iunibcr o f  ~>lalits 
and rcpcalctl tlcstructivc samplicig. Sccdlicigs o f  scvc~i opcn-polli~ialcd (OP) familics o f  contraslil~g nitrogcn protluctivity calculalctl 
by tlic apl>roxiniatc rnctliod, wcrc cultivatctl ill a growlli c l~a~nhcr tor Iwo growth pcriotls (GPs) accomplislicd in 43 wccks. Flciglils 
wcrc rccordcd ~iiocitlily (luring <;PI ant1 wcckly or twicc a wcck tlrcrilig (il'2. Fivc Iiarvcsts wcrc pcrt'orn~ctl t luri~ig CiP2 ici ortlcr to 
cstirnalc N protluctivity ill a pliysiologically Inorc rigorous way. I l ry  wcigl~ts o f  tliffcrc~it scctllil~g parts ant1 N co~icctitrations in Ihc 
liccdlcs wcc-c dctcrmilicd nflcr cacli Ilarvcst antl bascd oil rlicsc cl~aractcrs. tlic N produclivilics a l~ t l  N r ~ t i l i ~ a t i o ~ i  wcrc co~nprltcd. 
A poor agrcclilcllt b c l w c c ~ ~  tlic rhytllln o f  Iicight slid hio~iiass growl11 was foulitl. 7'lic colnpariso~~ o f  thc samc traits hctwccn tlic 
cxpcrinicnls slionrs with t'cw cxccptio~is I~igl icl. valilcs for tllc prcvious cxpcritnc~lt. Thc approxiciintc N productivity o f  tlic 
prcvious cxpcrinictit was ocily wcnkly corrclatcd with tlic N productivit ics o f  tlic prcsc~i t  cxpcrimccit, i~ id ica t i l ig  that tlic 
al~proxicriatc csl i~ i ia lc o f  N prod~cctivity was 1101 good cnongl~ to st~l>stitutc for llic pl~ysiologically morc rigorotcs cslimatc. 
Howcvcr, a good corrclatioci bctwcc~c (Iic N utilizalions o f  lllc hotli cxpcrinic~~ts was found wliicli suggcsts possililc rlsc o f  this trait 
for furtllcr stt~tlics. 

I<ey nnl-ds: Growl11 clia~iibcr, l~ i t rogcl i  proclrlctivity, liitrogcli ~~ l i l i za t io t i ,  OP familics, l ' i t ~ r ~ . ~  s,~li-es/ri.s, plant dry wcight, 
Scols pilic. 

Inti-odnction Nr~ t r . i en t  ~cse e f l i c i e r i c~ '  = a plant's ability to pro- 
duce biomass in relation to avililable nutrients, whctli- 

There are itnplications that nitrogen is one among er it can be attributed to uptake of nutrients from a sub- 

the most limiting factors of the growth in Swetlisll for- strate or to utilization of nutrients. 
ests (Tarnni, 199 1 ). Considering the large variation in Nr i f r - i c r r f  r r c q r l i s i f i o n  c.nl)trc.itj) = the amount of 
fertility of sites wherc P i r ~ r r s  . ~ l ~ l ~ l c s f r , i s  grows (I-ligglurid nutrient taken up by a genctic entry under defined noti- 
and Svesson, 1982) there might be genetic differences optimal conclitions in relation to uptake under condi- 
in nutrient use (nitrogen) efficiency. In the literature tions of frce access to nutrients. 

nutrient use efficiency and its components have bcen N~ i f r . i c r r /  /7r.oo'rlctii~i1j) = total dry weight produccd 
used with different meanings. Our definitions of the per unit tiutrient in the needles pel- unit time (cf. Inges- 
terms arc given below. tad, 1979). 

'f 999, VOL. 5, NO. 1 I ISSN 1392- 1355 



BALTIC FORESTRY 
N I T R O G E N  PkODUCTlVlTY IN SEVEN OPEN POILINATED FAMILIES OF PINUS SYLVESI*RIS L R .  ABRAlTlS ET A1 

Nutr ic i~ t  i.ecj:cliir<q = tlie ability to transfer nutri- 
ents froni low-producti\lc sites to high-productive sites 
in a seedlingltree (cf. Millard, 1996). 

Nuti.ieiit tltilizotioii = total dry weight produceti 
per unit ni~tr ient  in tlie needles. 

For each nutrient elelncnt a separate acquisition 
capacity, productivity, recyclillg, and utilization may be 
estimated. 

Many reports on  forest trees (Walker ant1 klatches, 
1965, Pritchett and (;otldat-d, 1967, Saliromi et al., 1976, 
Roberds et al. ,  1976, Waxier and van Buijtenen. 198 1, 
Sheppard and Cannell,  1985) indicate that genetic dif- 
ferences exist in nutrient use efficiency. These ohser- 
vations in eonihination witli the existing - tlriation in 
I'iirr~s sj~lves/i.is slantl s i te  fertilities call l'or genct ic  
stt~tlies o f  variation in N use efficiency in this species. 
O f  particular intcrest would be to idcntify genetic en- 
tries that grow wcll undcr Iit~iiting availability of  nitro- 
gen, i .e.  that have high N productivity or  N r~t i l izat ion.  

There are no studies known to us of  genetic vari- 
ation in N productivity in tree species using tlie origi- 
nal concept o f  N productivity (Ingestad, 1979). In nc- 
cordance witli this concept plant niaterials are studied 
during the exponential growth phase of  tlie first growth 
pcriod and under conditions wlicn tlie nitrogen status 
and tlie relative growth rate o f  tlie seedlings d o  not 
change over  time. Their  stability can be tested hy re- 
peated harvests and analyses (cf.  Ingestad, 1979) as  the 
few genet ic  entr ies  involved a l low large nulliber of 
plants per entry to he cxa~nir ied.  

In our  genet ic  s tudies ,  both duration of  cxperi-  
merits a n d  the n111nhe1- of  genetic entries anti intlivitlu- 
als within entries increase co~~s ide r ab ly .  The  vo l r~me  of 
~nater ial  s t i~died in genetic tests carried out with a pliys- 
iologically correct approach would be too large to Iian- 
dle. Instead, n two-step strategy may he  r~secl in wliich 
an approximate N prodr~ct ivi ty for many farnilies is es-  
timated by means of  simplified methods in the first step. 
The  pliysiologically correct approach witli tlestructive 
s;lrnpling on  sevcral  occasions arid assessment  of  
"true" N protluctivity in representati\fely selected f a ~ n -  
ilies is then carried out in the second step and tlie agree- 
ment betwccn the two c s t i~na t e s  is tested. 

In a previous study (Jonsson et al. ,  1997) and in 
accordance with this two-step strategy thc N produc- 
tivity of  21 open pollinated families of  P .sj:lvrsti.i.~ was 
estimated by an ;1pl7roxiliiate method. This was done by 
using height growth measr~rements ,  instead of repeat- 
ed harvests  (tluring tlie phase  o f  tlie most rapid 
growtli), as  an indirect means to determine the daily 

weight incre~nent .  l larvest  and tissue nitrogen analysis 
were carried out  at the enti of the second growtli pcri- 
od.  We preferred to include tlie second g1-owth periocl 
in our  s t r~dy  since the first period is tliffercnt from the 
secontl and all consccutive growtli periods in not hav- 
ing predeterniineti gro\vtli. 

71'lie aim o f  this study was to tcst whcther  the ap- 
proxinlate estimates of  nitrogen productivity caler~lated 
per day (Sonsson et al., 1997), which arc feasible for- ge- 
netic sttidies, agree with physiologically more rigorous 
estiniates of  nitrogen productivity. Similarly, estimates 
of  N utili7ation from the previous anti the prcsent s t r~dy  
will b e  compared. 

DIJR(iP2 - period of  most intensive height growtli 
(from 10%, to 90% of  tlie increment d r~ r ing  GP2 only). 

(il' 1 - first growtli period. 
GP2 - sccond growtli period. 
N - nitrogen 
O P  - open-pollinateci. 

Seven opeti-pollinated farnilies or  Pi11u.r .s~~li~c.rtr~i.c 
representing tlie range of  approximately estimated N 
pro(1octivity ( Jo t i~ son  et al.  1997) were included in this 
g1-owt11 c h a ~ n b c r  exper i~nent .  Sced sowing was carried 
nut in pots with a mixtur-e of sand, perlite, and vermicu- 
lite and covcrcd witli plastic hags. After two weeks the 
seetllirlgs were transplanted illlo pots with rnirieral wool 
ant1 ct~ltivatetl for two grovltli periods (GPs).  On top of 
tlie miner;il wool n thin I;iyes o f  gravel was used to 
avoid algal growth. l'lie scven motlier trees uriginntc 
fi-orn ceritl-al Sweden,  therefore, photo- and  tliermoperi- 
odic conditions characteristic o f  that area wcre r~scci in 
our  experiment (Jonsson ct a l . ,  1992) exccpt for winter 
which was sliortenetl (cf .  Tahle 1 ). 

There were five main I-eplici~tions (blocks)  o f  the 
experiment. I-larvests took place at the week nnnibers 
indicated in Table 1 .  Within each replication, each fam- 
ily was represented by 18 totally rantloniized seedlings. 

At least one hour before applying nutrients, satu- 
ration o f  the substrate with distilled water was carried 
out. A n  amount  of  2 1111 of  nutrient solution per plant 
was applied on every occasion witli varying nitrogen 
amount  according t o  a (lose curve calculated in ad-  
vance (cf. Jonsson ct nl., 1997). Ijuring G P l  tlie nutri- 
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ent solution was applied every second day cxcept for 
the period of weeks 22-27 aftcr sowing (end of rcsting 
stage - breaking of  dormancy stage).  At that timc, 
owing to li~niteti gt-owt11, watcring wils done only twice 
a week. Watering and nutrient adtiition were tione in 
the sanie way during the early part of G1'2 as well. At 
week 31. 17 days from the beginning of the (71'2, tlic 
daily nutrient additions were started. I'otnlly, I0  rng of 
nitrogcn were applied to each seetlling (luring GPI ; ~ n d  
42 mg during GP2 (cf. Sonsson et ~11.. 1997). Osrani f1QIE- 
250 WID lamps were used as a light source with a n  ir- 
radiance of about 320 ~iiExtii-*xs-' (400-700 nm)  at plant 
levcl. During weeks 25-26 after sowing (breaking of dor- 
niancy stage) i t  was reduccd to about 90 rnExln-*xs-'. 
7'he relative air humidity was 75%. 

S l n ~ m  

I Sowin): 

I 1  (iro!vll~ 

111 ( i rn \vIh  rrlanl2lion 

I\: Recling <t:,pc 

V I1rcski11p c > l c l o t ~ n : t ~ ~ c y  

The measurements of seedling Iiciglit to the top of 
the leader were nintlc monthly durilig (il'l ant1 weekly 
during the GP2, except for tlie pcriotl of tlie rnost inten- 
sive growth when they wcre perfo~.lned twice a week. 

Five harvests wcrc carried out according to the 
seetiling height growth curve clrawn up in an earlier ex- 
periment (.lonsson et al. 1997), tlirec daring the stage 
of tile most intensive height growth dul-ing GP2, rind 
one at thc end of each C i P .  In 01-tler to calculate nitro- 
gen prodrrctivities at different stages of seetlling 
growth, nitrogcn in tlecdles was analyzed aftcr each 
harvest. 

Tshle 1 .  C'r~ltivntion coritlitions i n  a 
gro\vtll clin~nhcr for two growtll pcriotls 

, . Ilie above-grouncl plant parts were put in paper 
bag and dricd for 40 Ilours at 70°C'. Afterwartls, the 
needles were separated from tlie branches and were 
dricd untler the satlie temperature regime for another 
hour. l'hen needles as well as stems with branches were 
wciglictl in  order to dctcrniine tlic dry weights. Dry 
weiglit of roots was estimated indirectly by wcigliing 
cll.icd lmts(64 hours at 70°C) with the substrate before 
planting and after harvesting the above ground plant 
part. After grinding tlie needles, the nitrogen content 
was tlctermined by an Elemental Analyzer NA 1500, 
Rodano, Italy. 

In order to avoiti possible errors caused by outly- 
ers, plants with a total dry weight less than 2 standard 
deviations of tlie mean value at each harvest were ex- 
cluclcd from tlie calcrll;~tions. 7'hirty sccdlings out of 640 
wcre eliminated in this way. I 'he traits studied are prc- 
sentetl in Table 2. 

Wrck No :,flcr 

~ I \ \ * ~ I I I ;  

I'lie followilig equation was used to calculate tlie 
N IN-otloctivity: 

Nil!hl lenplll (11) 

6 

6 

I!I:IIIII:II i~?ct.citcc o r  
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whcre: N prod is nitrogcn productivity (g IIWxrng N- 
'xday-I), Rp IS  relative growth rate bctwceti the Iia~vests 
concerned (gxg DW-'xday I). N conc is nitrogen con- 
ccntration in nceclles estimated after each Iinrvest (riig 

Nxg  "W ,,,,, II , \- ' ) .  
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Tahle 2. Growth cha~nl>cl. traits of 
thc prcscnl cxpcrirnent uscd for 
analysts. 

Period oflhc l i i ~ s l  nclivc Iicig111 prowlll (rrorn 10°% I r l  

1JO?4 of I I I C  i~lcre~iic~il { l~~ r i l l g  CiP2 o111y). 

Scctllii~p 11ci::lll 10 lllc lop of ~lic lcndcr nsscssctl monlhly 

rlurinp ( i P l  n l i i l  wcckly or [\vice a week d111-illg GP?. 

ing I>\V.llig N' Nilrope11 ~~tili/:ilion. (1)cscrihcd in Molcrinlq and  

nicllinll%). 

We chose to  express  the nitrogen productivity o n  between these two harvests w a s  minute (cf.  Figure 1). 
a needle-N basis instead o f  plant-N basis because o f  l'lierefol-c, w e  calculated N prodr~ctivities based on har- 
convenience and because  o f  the s t rong relat ionship vests 2 ,  4, and 5 as  well a s  two extra N productivities 
between leaf ~ i i t r o g e n  ant1 plant growth demonstrated using extr ;~polated N cor~centrat ion values (Table 3). 
by lngestad ant1 McDonald (1 989)  and Kgren (1 983) .  IIc1p111, 111111 DW lolal ,  g 

R e l a t ~ v e  growth rate (ItF) W;IS ca lc~~la tec l  by use o f  IAny - - - - - - - -- - -- 
---I7 

equation 2: I z n  1. .-__ . ... .. -.. ...._ 
/*"" Ion I. R ~ \ v  I1 ' ,,,' In -- i 

R~~ In (2)  8 n t  
, ,/ . , '  /-- 

- -- 
ItI! - I ..,."/ , , ' ./" 

60 \. *.,,,A -,-, ,-&-,-** 'I 
; *. 

<.,--,r' 
-1 ' 

where: R,,, n is relative total dry weight a t  hnrvest "11" ,IoC,..-. 4 2 

(g),  R,, In is relative total dry weight  a t  s o m e  earlier ctid 4 
1 harvest "m" (g) ,  t is nrrrnber o f  tlays between harvests ..,... -..;, .,& -,% ,,,.: -.<,. l u . , l u ~ . , ~  , 

"m" and "n". 26 2 7  28 29 30 31 32 31 14 35 36 37 38 39 40  41 42 4 3  

No.  of wccks af tcr  s t i w i ~ ~ g  T h e  relative dry  weight ,  R,,,,, was  calculated by 
using equation 3:  Figr~re 1 .  Sccdling hcight growth and total tlry wcigl~t pro- 

duction for thc family with the Ilighcst N utilization during 

"1 t l ~ c  sccond growtli period. The arrows indicatc start, maxi- 
RI)w tn = - 

I)\V ill  

( j )  1n111n ant1 cncl of N atltlition, thc cross marks tlic point of 
assu~ncd cntl of all iricrcase in dry weight. 

where: I)Wol is total dry weight a t  the harvest ''111" (g),  
DW,,, is initial total d ry  weight (g).  To estimate the N concentration in the plants a t  the 

Initial dry weight was  rcgarded as  20% o f  the fresh end o f  tlicir growth period, w e  assumed no dry weight 
weight at the t ime o f  transplanting, i.e. two  weeks after increase after the night length reached 12 hours and the 
sowing (Ingestat1 and Kiilil-. 1985). Since different plants nutrient additions were finished (cf .  Figures I and 2). 
were harvested on the different occasions the calcula- O n  this day, 2 5 9  from sowing.  w e  extrapolated the N 
tions o f  N productivity had to rely on fanlily mean val- conce~ltrat ion in Figure 2. 
ues. T h e  original intention w a s  to  calculate N produc- In order  to  compare the present results with data 
tivities for the period o f  the most  active height growth obtained by Jonsson et a1 (1997),  the approximate ni- 
(harvests  2 and 4).  Ffowevcl-, the dl-y wcight increment trogen pt-ocluctivity was calculated in the following way: 
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Table 3. List of nitrogen productivitics uscd for analyscs 

* indicntcs riicnn valuc of tllc scvc~i fnmilics. 
** shows tlic vnlucs csti~natcd in  mg 1)Wxmg N-'yday ' 

whet-e: DW is total plant dry weiglit (g), DW,,cc,llc is 
needle dry weiglit (g), N conc is nitrogcn concentra- 
tion in needles (nig Nxg DWllpCrllc-I). 

In order to compare present anti previous esti- 
mates, the N utilization was calculated in this experi- 
ment for the last harvest only. Before calculating N pro- 
ductivities and N utilizations, correction of N conccn- 
tration in the needles for tlie mininlum internal concen- 
tration of 4 mg Nxg I~Wllcc , l l , -~ .  required for growth's 
occurrence and corresponding to structural N ,  was 
pel.formed (cf. Ingestad and Klilit- 1985). 

Procedure C'ORR of the SAS software was used for 
estimating strength and significance of Pearson's rank 
correlations between thc characters of the present and 
the previous experiment (SAS, 1988). 

o Nco~ic . ,  mg  N.(g D W  ,,,,,,, ) '  I)W tota l ,  g 
- 7  

No. of wceks aftcr sowing 

Figure 2. Ncctlle N coil-ccntratio~l and toral dry wciglit pro- 
dr~ction for thc family with the higlicst N tttilizntion tlut-ing 
tllc second growth pcriod. The arrows indicatc start, niaxiniu~ii 
ant1 end of N addition, tlie cross Inarks the point of nssu~ncd 
cnd of all incrcasc i n  dry weight. 

where: 0.766 is tlie average fractions of biomass pro- 
duced during GP2 estimated in the prcvious experiment 
(cf. Jonsson et al., 1997), DW is total plant dry weight 
at the end of the experiment (g), DWllCPlllP is needle dry 
weight at the end of tlie experiment (g), N cotic is ni- 
trogen concentration in ncedles at the end of the ex- 
periment (ing Nxg I>W,,,,;'). DURGP2 is the period of 
most intensive height growth (cf. Table 2). 

Besides N productivity, the nitrogen utilization 
(dry weight production per unit of nitrogen taken up) 
was calculated as well. The following eqi~ation was used 
for computing N utiliz a t '  ton: 

DW 
N ~ ~ t i l i z  = 

I>Wl,ccdlc . N conc 

A pairwise comparison of tlie same traits in the two 
experiments (Tables 4, 5 )  shows that their values in the 
~xev ious  cxperilnent were consistently higher than in 
thc present experiment with tlie exceptions of N con- 
centration (Table 4) and approximate N productivity 
(Table 5). 1;amily ranking for different traits differed both 
within and between tlie experiments. Except for the 
duration of tlie most active growth (DURGP2), family 
18 was fairly consistent with respect to ranking. 

As seen frorn Figure 1 (data from the family with the 
highest nitl-ogen utilization), only a limited part of dry 
wciglit production during GP2 was produced at the time 
for height growth completion which was as low as ap- 
proximately 18.6% as compared to an overall family mean. 

Tlie nitrogen concentration (Figure 2)  reached the 
l~igliest levels at liarvests 3 and 4 (1 5.2 and 16.4 lng Nxg 
DWl,cc,l,c-l, respectively). At the end of the present ex- 
periment, nitrogen concentration was slightly higher 
than the N concentration at the end of the previous 
experiment (cf. Tablc 4). 

From 'Table 6 it is evident tliat the approximate N 
productivity of the previous experiment did not corre- 
late well with any of the N productivities in the present 
experiment. 

Figure 3 illustrates tliat four of the seven relation- 
ships including N i~tilization as one component, were 
significant. All tlie relationships were positive. 

Of the correlations among the six different N pro- 
ductivities in the present experiment, only the correla- 
tion betwcen N productivities 4-5 and 4-extrap was sig- 
nificant (Table h). Most of tlic other correlations did not 
exceed -t0.60. Tlie N concentration was negatively cor- 
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Table 4. N concentration va lucs  a t  f ivc  Ii:i~.vests 

fo r  tlic p resen t  g rowth  chari ibcr  e x p c r i ~ n c n t  ant! 

f o r  t h e  elit1 o f  tlic p r c v i o u s  g r o w t h  c h a ~ n b c r  

exper in icn t  ( f r o m  Jonsson  e t  a l .  1997) .  Farni ly  

r ank ing  presclitctl  in parcnt l icscs .  

Taljle 5. Valucs o f  v a r i o u s  traits o f  t h c  p resen t  ant1 tlic p rev ious  exper iment .  Family r a n k i n g  p rcscn tcd  in pa ren thcscs .  U n i t s  

a r c  prcscrited in Table 2. 

P~.evio~~c 
cxprrimenl 

I.itn~ily 

Tahle 6. Pearson ' s  r ank  cor re la t ion  coefficients a n d  the i r  s ign i f i cances  (* - s ign i f i can t  at 5% leve l ,  ***  - a t  0.1% lcvcl ,  

respcct ivcly)  for rclat ionsl i ips  bc tween  N productivities, N u t i l i za t ions  a n d  UWs from tlic t w o  growth chambcr exper iments  

and  N coricentration and Iiciglit for tlie p resen t  experiment. Note tha t  tlicrc m a y  bc autocorrelations within a n  e x p e r i m e n t  

be tween  p lan t  d r y  wcigl i t  o n  one hand and N produc t iv i ty  a n d  N ut i l izat ion on t h c  o t h e r  h a n d .  

I'rcsrnl c~prrinirnl 

Fnniily 
No. 

1 

7 

8 

9 

I0 

17 

18 

Mean 

Nu. 

I 

7 

X 

I 

I 

17 

14 

Menn 

related with N productivities (Table 6), N utilization, and Discussion and conclusions 
plant dry weight (Figure 4). Noteworthy is that both dry 
weight and N utilization correlated poorly with final plant We limited this study to seven families selected in a 
height. representative way to evaluate if the approximate meth- 

N prod~~clivily 

P~escnl cxpcriment I'rcvio~~s 
csperinic~~l 

N 11r"I 4- N prod .,,,<., N ,,.,.,. 
cnlrnp 

1.7 (4) 9.9 (6) 10.1 (1) 

1.6 (6) 11.7 (2) 8.7 (4) 

1.6 (7) 10.2 (4) 7.7 (7) 

1.9 (2) 10.3 (3) 8.2 (6) 

1.7 (5) 8.5 (7) 8.5 (5) 

1.9 (I) 10.1 (5) 9.4 (3) 

1.8 (3) 13.4 (1) 9.6 (2) 

1.7 10.6 8.9 

Vnrinl~les 

I 

I I I ~  N.p l)V.',,,~,,,c ' 
lla~vrsl I Ilnrvesl 2 Ila~vcsl 3 llarvrsl 4 Ilnrvcsl 5 
3 ( 3  I I 4 I5.X (2) I0.l (7) 10.7 (2) 

111.4 ( I )  12.0 (3) 5 6  3 )  I )  111.3 ( 5 )  

9.X (2) 12.6 ( I )  16.6 ( I )  IhO (2) 10.7 (3) 

2 (5) 12.5 (2) 15.5 (4) 16.6 (4) 10.3 (6) 

8.7 (7) 11.1 (7) 14.1) (6) 16.2 ( 6 )  11.0 (1)  

0.3 (4) 11.4 (6) 14 6 (7) I '  ( I )  111.5 (4) 

I ( 6 )  115 (5) 15.2 ( 5 )  I .  (7) 111.2 (7) 

9.4 11.9 15.5 16.6 10.5 

N 11lili7nlion 

I'rcxnt Prcviot~s 
expcri- enpcri- 
mcllt rllcnl 

329 2 405 (3) 

307 (5) 373 (4) 

307 (6) 328 (7) 

326 (3) 367 (5) 

29s (7) 356 (6) 

317 (4) 405 (2) 

376 (1) 4 (I) 

316.7 378.7 

Prcscnt cxpcrimcnt 

N N prod 4-5 N prtd 2-5 N prod 2-4 N prod 4- N prod 3- N colic lleiglit 
I " ( ~ , T  extrap extrap 
",. 

2 3 4 5 6 7 8 9 

Fir1;11 l~arvcsl 
0.4 (5) 

9.2 (6) 

10.3 (1) 

7 (3) 

9.9 (2) 

9.2 (7) 

3 (4) 

9.6 

Previor~s expcrinicnt 

N protl,,,,,,,,, N uril DW 

10 I I 12 

I) \V 

Prcsrnl Previous 
cxprri- cxpcri- 
rllenl nicnl 

5.9 (3 6.8 (3) 

4.9 (7) 6.5 ( 5 )  

5.3 (6) 6.1 (7) 

6.0 (2) 6.6 (4) 

S.5 (5) 6.2 (6) 

5.7 (4) 7.2 (2) 

6 (1) 7.5 ( 1 )  

5.6 6.7 

0.28 0.37 0.58 

0.28 0.58 0.68 

-0.30 -0.06 0.10 

-0.57 -0.54 -0.43 

0.34 0.60 0.64 

-0.05 -0. I 6 -0.12 

0.59 0.70 0.78* 

0.50 0.58 0.63 

I'rcscnt cxperi 
rncnt - 
N prod,,,,,.. 

N prod 4-5 

N prod 2-5 

N prod 2-4 

N prod 4-eulrap 

N prod 3-extmp 

N r1lili7ation 

I)W 

l leigl~l 

Prcsent I'rcvioi~s 
ypcri- cxpcri- 
tilcnt rnrnt 

140 (1) 153 (2) 

114 (6) 149 (3) 

135 (2) 144 (4) 

127 (4) 136 (6) 

115 (5) 131 (7) 

I I4 (7) 136 (5) 

125 (3) 158 (1) 

123.7 143.9 

-0.70 -0.06 

0.28 -0.60 -0.35 

0.37 0.56 -0.74 0.06 

0.18 -0.14 0.75 -0.37 0.3') 

0.08 0.97*** 0.38 -0.32 -0.39 -0.37 

0.17 -0.21 0.4 1 0.69 -0.30 -0.22 0.84* 

0.60 0.58 0.46 0.10 0.50 0.50 -0.69 0.42 

0.14 0.56 0.18 -0.21 0.62 0.36 -0.25 0.32 

I)URGPZ 

Prcscnl Previotls 
experi- cxpcri- 
llicnl nlent 

29.2 (2) 32.1 (7)' 

22.5 (6) 34.2 (5) 

24.6 (5) 34.4 (4) 

29.6 (1) 35.5 (I) 

28.2 (3) 33.9 (6) 

27.4 (4) 35.3 (2) 

21.5 (7) 34.7 (3) 

26.1 34.3 
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Figure 3. 'The relatio~isliips among various cliaractcrs strltlicd 
in the present and prcviorls cxpcrimcnts 

od for deterriiination of N productivity usecl by .lonssori 
et al. (1997) gives a good estimate of the N productivity 
as defincd by Ingestact (1979). For cost arid space rea- 
sons seven families constitute an upper limit that could 
be dealt with. Seven faniilics is also a ~ n i n i m u ~ n  for esti- 
mates of family mean correlations betwecn two traits. 
llowever, a selection that is representative as regards N 
prodr~ctivity does not necessarily give a selection rcp- 
resentative as regards other traits. Therefore, not only 
significance of correlations, but also trends i n  relation- 
ships among all tlie traits will be discussed. 

I t  slioultl be noted that, withiri an experi~nent, tliere 
may be autocorrelations between N utilization and plant 
dry weight since the latter is nirrnerator in the deriva- 
tion of N utilization. Similarly, part of the dry weight is 
the ni~rnerator in the derivation of thc N productiv~ties. 

The niain objective of this invcstigation was to 
s t i~dy if the approximate N productivity pcr day nccord- 
ing to Sonsson et al. (1997) was a good estimate of a 
physiologically more appropriately estiniated N protluc- 
tivity. As is evident fro111 colr~rnn 10 of Table 6 there 
was a poor agreement between the approximate N pro- 
ductivity of the previous experiment and all tlie N pro- 

Figl~t-e 4. The relationships among N conccntration. N 
utilization, plant hciglit, an t1  total tlry weight at the entl of  
thc prcscrit cxpcrimcnt. + aritl - iritlicatc positivc ant1 negative 
correlation coefficients 

ductivities of this exl~erinient. Moreover, the two N pro- 
ductivities cstimatecl in the same way iri the two exper- 
iments had a correlation coefficient as low as 0.28. The 
most probable reason for tliis weak relationship is the 
poor agreement between the family DURGP2s in the two 
experiments, the latter relationship having an estimat- 
ed family mean correlation coefficient of -0.10 (not 
shown). This must partly be attributed to the low var- 
iation of this trait - the largcst difference between the 
frl~nily means was 3.4 days in tlie previous experiment 
as compared to 8.1 days i n  the present experi~nent. Since 
DURCiP2 is the denominator in the forrnnla for deriva- 
tion of approximate N productivity this difference be- 
tween tlie two experiments has a great impact on the 
estimate of tliis trait. The reduced growth in the present 
experiment rniglit also have contributed to the discrep- 
ancy between two N productivities estiniated in the 
same way in the two experiments. 
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'The diffcrence in I lURGP2 of  tlic two experiments 
was unexpected since growth rhythm traits are shown 
to  keep the family ranking fro111 growtli season to 
growth season (Mikola 1980). It is also unexpected in 
view of  our  finding of  fairly strong and non-significant 
relationships bctween plant dry weights (r  = 0.63) and 
N utilizations (r  = 0.70) of  the two experiments (see also 
Figure 3). 

Since the planned harvests were based on height 
growth and height growth ciid not reflect the dry weight 
growth (cf. Figure I )  there was a problem of  estimating 
N productivity dur ing  the exponentla1 phase o f  dry 
weight growtli under  steady state nutricnt conditions 
as done by e.g. Ingestad (1979). Thercfore, we  niade 
several estimates of  tlie N protiuctivity in nl~r- investi- 
gation. With three exceptions the c o r r e l n t ~ ~ i n  coeffi- 
cients among all N productivities o f  the prcsent exper- 
iment were weak, not exceeding 0.60 (Table 6 columns 
2-6). It is worth mentioning that the extrapolated N pro- 
ductivity "N prod 4-extrap" (cf .  I'able 3),  tliat might 
come closest to  the requirement of  including the expo- 
nential phase of  dry weight growth,  had tlie strongest, 
however, non-significant, relationsliip with plant dry 
weight ( r  = 0.62). It a lso liatt the strongest relationsliip 
witli tlie approximate N productivity of  the previous 
experiment, although still weak (r  = 0.34). 

In spite o f  the possibility of  autocorrelation be- 
tween N productivities and plant dry weight, tlic corre- 
lations between these two traits in each of  tlie experi- 
ments were never really s trong.  

Other. traits 

Since the seven families \\rere selected in order to 
cover the range o f  approxitilate N productivity in tlie 
previous experilllent this means that the seven fatnilics 
did not cover  the fill1 range as  regards the otlier traits. 
In spite o f  this we  noted strong and significant corre- 
lations between N utilization in the present experiment 
and the plant dry weights in both experiments (1;igure 
3). The  correlation o f  N utilization of  the previous ex- 
periment with plant dry weight in the prescnt experiment 
was estimated at 0.58. Tile N utili7atiotis o f  the two 
experiments were  strongly correlated with each other 
(0.70). These  data srlggcst tliat N utilization can be 
assessed with repeatability and that i t  is a fairly good 
predictor o f  dry weight prodr~ct ion even in otlier exper- 
iments. Moreover, it was shown to be one of  the best 
juvenile traits to predict field performance (Abraitis et 
al. 1998). 

The  weak relationship between final height and 
otlier traits in tlie present experiment is striking (Figure 
4, Table 6). Thus  plant height does not reflect the plant 
dry weight. We are not aware of  any genetic studies in 
wliicli tlie growtli rhythms o f  l ie igl~t  growth and dry 
weight production were studied sil~lultaneously. There- 
fore, we  do not know if our  results a rc  unique or  gen- 
eral. It is ciesirable for studies of  nutrient productivi- 
ties to  Iiave knowletlge about the growth rhythm of  dry 
weiglit production. However, for genetic studies such 
experiments would be hard to carry out for space and 
cost reasons. 

The  plant N status dicl not remain constant during 
the growing season in this investigation. The  needle 
ni t rogen concentrat ion peaked at harvests  3 and 4 
(mean values 15.5 nnd 16.6 m g  N x g  DW , ,cc, respec- 
tively), i.e. d r ~ r l n g  tlle period o f  most  act ive height 
growth and largest nutrient additions. Since the peak 
in nutrient addition precedeti the peak in biomass pro- 
duction it is possible tliat part o f  the nitrogen was  tak- 
en  up in excess of  gro\vtli requirements, thus lowering 
the N protluctivity at this stage of  plant development. 

A s  expected, the N concentration was strongly ncg- 
atively correlated witli N utili7ation (Figure 4). The  more 
biomass prodilced per nitrogen unit in the plant, the larg- 
er the N utili7ation will be. It is somewhat surpl-ising that 
the negative relationship betwecn N concentration and 
plant dry weight was not stronger (Figure 4). 

In conclusion, an answer to the question whether 
the approximate N productivity is a good estimate of 
true N productivity in the scnse of  Ingestad (1979) can- 
not be definitely given basecl on  tlie data from this in- 
vestigation. It rc~i iains to cultivate the families in so  
called lngestad boxes and estimate tlie N procluctivity 
from such an experimcnt. Flowever, N utilization could 
be estimated with a satisfactory repeatability and was 
fairly strongly correlated witli dry weight and thus may 
be utilized in future experiments. 
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