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Abstract

H.E. Bown, E.G. Mason, P.W. Clinton, and M.S. Watt. 2009. Chlorophyll fl uorescence 
response of Pinus radiata clones to nitrogen and phosphorus supply. Cien. Inv. Agr. 
36(3):451-464. Chlorophyll fl uorescence responses to a factorial combination of nitrogen 
(N) and phosphorus (P) supply were measured in fi ve clones of Pinus radiata cultivated in 
a greenhouse over twenty-four months. Chlorophyll fl uorescence measurements were taken 
at months six (5 clones, 182 plants), nine (2 clones, 68 plants) and eighteen (2 clones, 48 
plants). Plant growth in stem diameter, height, leaf area, fascicle mass, length and diameter 
were found to signifi cantly increase with N and, to a lesser extent, P additions; and these values 
were greatest when both N and P were combined. Plant growth and fascicle size also varied 
signifi cantly across clones and were generally consistent with the genotypic growth responses 
that were observed in the fi eld. Dark (Fv/Fm) and light-adapted (ΦPSII) photochemical effi ciency 
of PSII were found to signifi cantly increase with N and, to a lesser extent, P addition; and the 
combined effects of N and P exceeded those of the individual contributions. Stern-Volmer non-
photochemical quenching, which relates to the proportion of energy dissipated as heat, did not 
signifi cantly increase as plants became more N or P defi cient. Chlorophyll fl uorescence variables 
did not differ between clones. We found positive linear relationships between photosynthetic 
rates at 360 μmolּmol-1 CO2 concentration and 1500 μmol photons m-2 ּs-1 of  irradiance (Asat), 
Fv/Fm and ΦPSII and both foliar nitrogen (Na) and phosphorus (Pa) concentration on a leaf area 
basis when a ratio of Na/Pa equal to 23 molּ mol-1 was used to partition N from P defi ciencies. 
These relationships were independent of genotype. Chlorophyll fl uorescence and gas exchange 
estimates of electron transport were well correlated under ambient photorespiratory conditions, 
suggesting that chlorophyll fl uorescence variables are a good surrogate for gas exchange 
measurements in our experimental conditions.

Key words: Chlorophyll fl uorescence, quantum effi ciency of PSII, electron transport, genotype, 
nutrient limitation.

Introduction

The effi ciency by which light is harvested by 
photosystem II (PS II) reaction centers of the 
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electron transport system can be assessed us-
ing chlorophyll fl uorescence techniques (Genty 
et al. 1989). PSII is highly sensitive and eas-
ily damaged by environmental stresses (Ball et 
al., 1994; Krause and Weis 1991, Maxwell and 
Johnson 2000), including extreme temperatures, 
light, nutrient and water limitations (Bolhar-
Nordenkampf and Oquist, 1993). Thus, chloro-
phyll fl uorescence is widely used to study plant 
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stresses, e.g., to assess frost hardiness in Pinus 
halepensis (Puertolas et al. 2005), to compare 
healthy and virus-infected plants of Brassica 
juncea (Guo et al. 2005), to assess chilling-
dependent photoinhibition of Eucalyptus nitens 
(Close and Beadle 2003), to determine sink 
limitation effects on the photosynthetic perfor-
mance of Abies balsamea (Lavigne et al. 2001) 
and to discriminate photoprotection from pho-
todamage in Actinidia deliciosa (Greer 1995). 

Chlorophyll is located in the pigment-protein 
complexes that are embedded in the thylakoid 
membrane, where excitation energy is funneled 
into the reaction centers (P680 = PSII, P700 = PSI) 
and converted into chemical energy (NADPH 
and ATP), which is required to drive the pho-
tosynthetic carbon reduction (Calvin) cycle 
(Schreiber et al. 1994, Seibert 1995, Blanken-
ship, 2002). Light energy absorbed by chloro-
phyll molecules can be used to drive photosyn-
thesis (photochemistry), be dissipated as heat 
or be re-emitted as chlorophyll fl uorescence 
(Krause and Weis 1991). As these processes are 
mutually exclusive, changes in the effi ciency 
of photochemistry and heat dissipation can be 
determined by measuring chlorophyll fl uores-
cence (Maxwell and Johnson 2000). At room 
temperature, variable fl uorescence originates al-
most exclusively from PSII. Therefore, fl uores-
cence changes primarily refl ect the state of PSII 
(Schreiber et al. 1994). The ratio of variable to 
maximum chlorophyll fl uorescence (Fv/Fm) is a 
relative measure of the maximum effi ciency of 
excitation energy captured when all PS II centers 
are open. Typical values for this ratio are about 
0.80-0.83 for a wide variety of dark-adapted 
non-stressed C3 plants (Ball et al., 1994; Krause 
and Weis, 1991). In light-adapted leaves, the 
quantum effi ciency of open PSII centers (ΦPSII) 
represents the effi ciency with which excitation 
energy captured by the light-harvesting anten-
nae is passed to PSII centers and used for photo-
chemistry (Demmig-Adams et al. 1995). Values 
of ΦPSII can be reduced by non-photochemical 
processes, mainly through the dissipation of ex-
citation energy as heat before it reaches the PSII 
reaction centers; this process is termed non-pho-
tochemical quenching (Krause and Weis 1991). 
Xantophyll cycle-dependent energy dissipation 
has been shown to be the predominant mecha-
nism by which leaves adapt to high irradiance 

(Demmig-Adams et al. 1995). 

Nitrogen (N) and phosphorus (P) are the most 
likely nutrients limiting primary producers in 
terrestrial ecosystems (Aerts and Chapin, 2000), 
and Pinus radiata D. Don is widely planted in 
the southern hemisphere (Lewis and Ferguson 
1993), and its growth has been shown to be lim-
ited by soil N and P content (Watt et al. 2005). 
Several authors have observed increased photo-
chemical effi ciencies correlated with high foli-
age nitrogen (Gough et al., 2004; Niinemets et 
al., 2001) and phosphorus (Conroy et al., 1986; 
Conroy et al., 1990; Loustau et al., 1999) sup-
plies in conifers. We are unaware of any study 
that compares the concurrent effects of N and 
P addition on the photochemical effi ciency of 
PSII. Furthermore, how the regulation of photo-
chemical effi ciency may account for differences 
in growth rate in different genotypes is largely 
unexplored in woody plants. Therefore, we 
measured the chlorophyll fl uorescence response 
to the addition of N and P, either individually 
or in combination, in P. radiata. We also tested 
whether clones with contrasting growth patterns 
exhibit differences in photochemical effi ciencies 
of PSII. Our hypotheses were: i. photochemi-
cal effi ciency increases with the addition of N 
or P or the combination, ii. non-photochemical 
quenching decreases with the addition of N or 
P or the combination, iii. faster growing geno-
types exhibit greater photochemical effi ciencies 
than slower growing genotypes, iv. a stoichio-
metric ratio of foliage N to P of 23 molּmol-1 will 
allow to us separate N from P defi ciencies, and 
v. chlorophyll fl uorescence parameters may cor-
relate with photosynthetic rates under ambient 
photorespiratory conditions.

Materials and methods

Plant material

Plant material was selected from a greenhouse 
experiment laid out in a factorial design with 
fi ve clones of P. radiata irrigated with two lev-
els of nitrogen (N0=1.43 and N1=7.14 molּm-3) 
and two levels of phosphorus (P0=0.084 and 
P1=0.420 molּm-3) supply. Ingestad (1979) sug-
gested that N should be provided at concentra-



453VOLUME 36 Nº3  SEPTEMBER - DECEMBER 2009

tions of 100 ppm (7.14 mM) and P at 13 ppm 
(0.420 mM) for optimum growth of Pinus 
pinaster. These concentrations were chosen 
as the high-N and high-P supply regimes. The 
low-N (1.43 mM) and low-P (0.084 mM) supply 
regimes were chosen as one-fi fth of the high-N 
and high-P concentrations, respectively. Nitro-
gen was provided as NH4NO3 and phosphorus 
as KH2PO4. Nutrients other than N and P were 
provided at concentrations of: 0.51 molּm-3 K, 
0.25 molּm-3 Ca, 0.41 molּm-3 Mg, 0.28 molּm-3 
S, 12.53 mmolּm-3 Fe, 0.45 mmolּm-3 Zn, 0.47 
mmolּm-3 Cu, 7.28 mmolּm-3 Mn, 0.073 mmolּm-3 
Mo, 18.50 mmolּm-3 B, 0.85 mmolּm-3 Cl and 
0.13 mmolּm-3 Na, following Ingestad (1979). 
Genotypes were selected to represent a gradient 
in growth rates within a set of 400 genotypes 
planted in the Purokohukohu Experimental Ba-
sin (Beets et al., 2004). 

One-year old P. radiata cuttings from fi ve 
clones (Clones A, B, C, D and E in descend-
ing order of growth performance) were raised 
under standard nursery conditions for New 
Zealand (Menzies et al. 2001) and transplant-
ed to 4.3-L pots containing silica sand during 
the fi rst year of growth. The roots of all plants 
were artifi cially inoculated with spores of 
Rhizopogon rubescens Tul., and the presence 
of mycorrhizae was confi rmed either by visual 
inspection of roots or by the presence of fruit-
ing bodies. At the end of the fi rst year, plants 
were transplanted to 42-L pots and grown for 
another year. Nutrient treatments were allo-
cated randomly to the plants for 24 months. 
All plants received 0.5-L of nutrient solution 
per week during the fi rst year and double that 
amount in the second year. All plants were daily 
supplied with water in the same amount in ex-
cess of the requirements; pots were allowed to 
drain freely. The nutrient solution was always 
applied after watering. Plants were grown in a 
thermostatically controlled greenhouse, where 
the mean (± SE) air temperature during the day 
was 18 ± 4°C and 15 ± 4°C at night. 

Foliage characteristics

Fascicle diameter, length, mass and leaf area 
were measured in three fascicles per plant fol-
lowing chlorophyll fl uorescence measurements. 

The leaf area of needles (s) was calculated 
based on fascicle diameter (d), length (l) and the 
number of needles per fascicle (n) as: s = (πd 
+ nd) l (Turnbull et al. 1998). Foliage samples 
were oven-dried at 70°C until the weight was 
constant, and then the dry mass was recorded. 
Samples were chemically analyzed by Veritec 
Laboratories, Rotorua, New Zealand. Tissue N 
and P concentrations were determined using 
Kjeldahl digestion and colorimetric methods 
using a Segmented Flow Analyzer (SKALAR 
Analytical BV, Breda, The Netherlands). 

Growth measurements 

Growth in plant diameter, height and crown 
diameter were measured when plants were six 
months old. Estimates of leaf area were deter-
mined as the product of the leaf mass and the 
leaf area to mass ratio. Foliage mass from when 
the plants were six months old was estimated 
from the following equations for foliage mass, 
W, (g) at different timepoints was predicted 
from plant diameter, D, (mm) using the follow-
ing equations: W = 0.3879 D 1.8842, r2 = 0.99, p < 
0.001, Clone A; W = 0.0380 D 2.7338, r2 = 0.98, p < 
0.001, Clone B; W = 0.1621 D 2.1943, r2 = 0.98, p < 
0.001, Clone C; W = 0.0724 D 2.5118, r2 = 0.98, p < 
0.001, Clone D; W= 0.0399 D 2.7239, r2 = 0.99, p < 
0.001, Clone E. The growth trends that were ob-
served at six months were consistent with those 
observed when the plants were nine and eleven 
months old. 

Chlorophyll fl uorescence measurements

Chlorophyll fl uorescence responses of P. radia-
ta were measured when plants were 6, 9 and 18 
months old. Clones to be measured and times 
at which measurements were taken were chosen 
to complement a larger trial aimed at assessing 
how nitrogen storage and remobilization is in-
fl uenced by the addition of N and P and geno-
type. Only chlorophyll fl uorescence results are 
presented in this study. 

All genotypes (A, B, C, D, E) were screened us-
ing chlorophyll fl uorescence techniques when 
plants were six months old in order to determine 
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the extent to which plants were nutritionally 
stressed (182 plants). We used a pulse-ampli-
tude modulated fl uorometer (Mini-PAM-2000, 
Heinz-Walz, Effeltrich, Germany) equipped with 
dark leaf-clips (Model DLC-8, Heinz-Walz) to 
measure the maximum quantum yield (Fv/Fm) of 
a dark-adapted foliage sample from each plant. 
The Mini-PAM-2000 equipped with a leaf-clip 
holder (Model 2030-B, Heinz-Walz) was also 
used to determine the quantum effi ciency of 
PSII (ΦPSII) at progressive levels of irradiance of 
a light-adapted foliage sample from each plant 
(rapid-light curves). Dark- and light-adapted foli-
age samples from the same plant were different.  

Nine months after the beginning of the ex-
periment, 68 plants from clones B and E were 
moved to a growth cabinet the day before the 
measurements were undertaken. Plants inside of 
the growth cabinet (temperature varied between 
20-25˚C, while leaf-to-air vapor pressure defi -
cit ranged from 1-1.5 kPa) were dark-adapted 
for 30 min. Maximum quantum yield, followed 
by rapid-light curves (same as that used when 
plants were six-months old), were triggered in 
the same foliage sample to determine the Stern-
Volmer non-photochemical quenching (Nq).  
Maximum quantum yield of PSII ((Fv/Fm) was 
determined as ((Fm - Fo) / Fm), where Fo is the 
minimum fl uorescence and Fm is the maximum 
fl uorescence of the dark-adapted leaf after a 
light-saturating pulse of about 8000 μmolּm-

2 ּs-1 and 800 ms duration. Rapid light-response 
curves were then measured using the light-curve 
program of the Mini-PAM. Actinic light intensi-
ty was increased in eight steps every 30 s during 
4 min. The leaf-clip holder was wrapped with a 
dark cloth to avoid receiving interference from 
external irradiance with the actinic light provid-
ed by the instrument. The measured irradiance 
was corrected by a factor of 0.8 to account for 
the distance between the plane of the leaf and 
the quantum sensor in the Mini-PAM (Rascher 
et al. 2000). The effective quantum yield of PSII 
in the light (ΦPSII) was calculated as ((Fm’ - F) / 
Fm’), where F and Fm’ are the steady and maxi-
mal fl uorescence in the light-adapted sample, 
respectively (Schreiber et al. 1994). Apparent 
electron transport rates were calculated as J = 
ΦPSII × Q × 0.84 × 0.5, where 0.5 is the assumed 
fraction of absorbed photon energy partitioned 
to PSII (Maxwell and Johnson 2000), and 0.84 is 

an average light absorption coeffi cient estimated 
for 37 C3 species (Björkman and Demmig 1987). 
The Stern-Volmer non-photochemical quench-
ing (Nq) was calculated as (Fm/Fm

’ – 1) (Maxwell 
and Johnson 2000). The response of the apparent 
electron transport rate (J) to irradiance (Q) was 
examined using the model described by Prioul 
and Chartier (1977): θJ2 – (αQ + Jmax)J + αQJmax, 
where θ is an index of the J/Q curve convexity 
(0 ≤ θ ≤ 1), α is the initial slope of the J/Q curve 
and Jmax is the fi tted asymptotic maximum value 
of J. The model fi t the data precisely (r2 > 0.98, p 
< 0.001) with little apparent bias. Similarly, the 
response of Stern-Volmer non-photochemical 
quenching (Nq) to irradiance (Q) was examined 
using a von Bertalanffy type model: Nq = a (1 – e 
–b Q ) c, where a , b and c were fi tted parameters.

Eighteen months after the beginning of the ex-
periment, 48 plants from clones B and E were 
concurrently measured for gas exchange and 
chlorophyll fl uorescence using a portable photo-
synthesis system (Model 6400, Li-Cor, Lincoln, 
NE) equipped with an integrated chlorophyll 
fl uorescence detector (LI-6400-40 leaf cham-
ber, Li-Cor, Lincoln, NE). Plants were shifted 
from the greenhouse to a thermostatically con-
trolled room maintained at 20°C the day before 
the measurements were taken. The temperature 
was maintained at 20˚C, while VPD was main-
tained generally below 1 kPa.  Foliage enclosed 
in the gas-exchange chamber was left to equili-
brate for 10 min at 360 μmolּmol-1 CO2 con-
centration, 0.21 molּmol-1 O2 concentration and 
1500 μmolּm-2ּ s-1 of irradiance before measuring 
the photosynthetic rate (Asat) and the quantum 
yield of PSII in the light (ΦPSII).

Electron transport rates estimated using the 
Mini-Pam and the Li-Cor were different; for 
example, up to 400 μmolּm-2ּs-1 was calculated 
using the Mini-Pam (within ranges given by 
Bilger et al., 1995), whereas up to 120 μmolּm-

2ּs-1 was calculated using the  Li-Cor (this rate 
is similar to that calculated using gas exchange 
measurements). These differences were brought 
about by differences in the equipment confi gu-
ration and the fact that the electron transport 
rates estimated by the Li-Cor refer to the mea-
sured needle leaf area, whereas the Mini-Pam 
provides a default value that is independent of 
the leaf area of the sample. The rate of electron 
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transport based on gas exchange was calculated 
as: 4(Asat + Rd), where Asat is the rate of photo-
synthesis at ambient CO2 and 1500  μmolּm-2ּs-1  

of irradiance, and Rd is the rate of day respira-
tion calculated using the Laisk method (von 
Caemmerer 2000). Briefl y, the Laisk method in-
volves measuring A/Ci (photosynthesis / inter-
nal CO2 concentration) response curves at three 
levels of low irradiance (e.g., Q = 50, 100 and 
300 μmolּm-2ּs-1) for several decreasing values of 
Ci (e.g., 200 to 0 μmolּmol-1). Then, the linear re-
lationships between A and Ci are fi tted, and the 
point of intersection of the three lines projected 
onto the A axis is taken as Rd.

Design and statistical analysis

The experimental design included four nutrient 
treatments, three blocks, fi ve genotypes and be-
tween eight to ten replicates per treatment (182 
plants). The block effect was not signifi cant for 
all of the variables analyzed and was omitted 
from the results section. Variables were tested 
for normality and homogeneity of variance, and 
transformations were made as necessary to meet 
the underlying statistical assumptions of the 
models used. The main and interactive effects 
of N and P supply and genotype on chlorophyll 
fl uorescence, fascicle size and plant growth vari-
ables were examined by analysis of variance and 
covariance. Tukey’s least signifi cant difference 

test was used to distinguish among individual 
means where applicable with a confi dence level 
of p ≤ 0.05. Differences in slopes and intercepts 
between genotypes in the linear relationships be-
tween chlorophyll fl uorescence variables and fo-
liage nutrient concentration were tested for sig-
nifi cance by analysis of covariance. All analyses 
were made at the plant level with SAS software 
(SAS Institute, Cary, NC, USA).

Results 

Treatment infl uences on growth 

Plant growth in diameter, height and leaf area 
was found to be signifi cantly increased by 
the addition of N alone, N+P and, to a lesser 
extent, P alone (F3,38 > 12.1, p < 0.001). On a 
growth scale, the clones performed in general 
as A ≥ C ≥ D ≥ B ≥ E; genotypes A and E 
were always signifi cantly different (F4,38 < 3, 
p < 0.032) (Table 1). Fascicle diameter, length 
and mass conformed to plant growth scaling 
with the addition of N and P individually or in 
combination (F3,38 > 25.8, p < 0.001); in general 
these values were greater in those genotypes 
with greater growth performances (F4,38 > 16.8, 
p < 0.001) (Table 1). The average mass per fas-
cicle was two-fold greater in Clone A than in 
Clone E (Table 1). 

Table 1. Growth of Pinus radiata as read by plant diameter, height, leaf area, fascicle diameter, fascicle length and mass 
per fascicle across nutrient treatments and clones at month six (n = 182). 

n
Diameter 
Mm

Height
mm

Leaf area
m2

Fascicle 
diameter, mm

Fascicle length
mm

Fascicle mass
mg

Treatments1 
N0P0 46 3.1 ± 0.1 a2 94 ±  8 a2 0.17 ± 0.01 a2 1.32 ± 0.03 a2 89 ± 2 a2 39 ± 2 a2

N0P1 46 3.4 ± 0.1 a 138 ±  9 b 0.19 ± 0.01 a 1.35 ± 0.03 a 97 ± 2 b 43 ± 2 a
N1P0 44 3.8 ± 0.1 b 127 ±  9 b 0.24 ± 0.01 b 1.59 ± 0.04 b 109 ± 3 c 52 ± 2 b
N1P1 46 4.5 ± 0.2 c 182 ± 12 c 0.32 ± 0.02 c 1.65 ± 0.03 b 115 ± 3 c 55 ± 2 b
Clones
A 39 3.8 ± 0.2 bc 154 ± 14 b 0.27 ± 0.01 c 1.67 ± 0.04 c 117 ± 2 c 60 ± 2 d
B 31 4.1 ± 0.2 c 113 ± 12 a 0.21 ± 0.02 b 1.45± 0.04 b 106 ± 3 b 52 ± 2 c
C 37 3.8 ± 0.1 bc 147 ± 14 b 0.26 ± 0.02 c 1.45 ± 0.03 b 94 ± 3 a 42 ± 2 b
D 38 3.7 ± 0.2 b 144 ±   9 b 0.23 ± 0.02 bc 1.48 ± 0.05 b 104 ± 3 b 49 ±2 c
E 37 3.2 ± 0.1 a 113 ±   8 a 0.17 ± 0.01 a 1.30 ± 0.03 a 91 ± 3 a 32 ± 1 a
Analysis of variance
Treatments (T) p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Clones (C) p<0.001 p<0.05 p<0.001 p<0.001 p<0.001 p<0.001
T × C 0.29 0.38 0.68 0.47 0.19 0.38

1Nutrient treatments comprise two nitrogen supply regimes (N0 = 1.43 and N1 = 7.14 mM) and two phosphorus supply regimes (P0 = 0.084 
and P1 = 0.420 mM). 
2Means, ± standard deviation, for each treatment and clone followed by the same letter are not statistically signifi cant according to Tukey’s 
test (p =0.05).  
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The maximum photochemical effi ciency of 
PSII (Fv/Fm), measured when all PSII reaction 
centers are open in dark-adapted leaves, was 
found to signifi cantly increase upon the addi-
tion of N and P individually or in combination 
(F3,38 = 30.97, p < 0.001) (Table 2, Figure 2a) as 
a result of a slight reduction in ground fl uores-
cence (Fo) and concurrent signifi cant increase in 
maximum fl uorescence (Fm) as nutrient supply 
increased (data not shown). The range in val-

ues of Fv/Fm was relatively narrow (0.75 to 0.86) 
compared to light-saturated ΦPSII values  (0.20 to 
0.50), and the ratio ΦPSII to Fv/Fm (R) was signifi -
cantly greater in the high-N/high P supply re-
gime than in regimes with lower N/P additions 
(F3,38 = 24.9, p < 0.001) (Table 2), suggesting that 
not only photochemical effi ciency but also the 
proportion of reaction centers that are open in 
the light increases with nutrient supply (Table 
2). Chlorophyll fl uorescence variables did not 
signifi cantly differ between clones (F4,38 < 0.90, 

Infl uence of treatment on chlorophyll fl uorescence 
variables

Photochemical effi ciency of light-adapted leaves 
(ΦPSII), which measures the proportion of light 
used in photochemistry (Maxwell and Johnson 
2000), was found to decrease with increasing 
irradiance (Q), with a steeper decrease and sig-
nifi cantly lower ΦPSII values in the low-N/low-P 
supply regime than in regimes with greater N/P 
additions (F3,38 = 28.4, p < 0.001) (Figure 1a). 
Because apparent electron transport rates (J) are 
directly proportional to the product of ΦPSII and 

Q, J values scaled with irradiance (Figure 1b) 
and reached signifi cantly greater asymptotic J 
values (Jmax) in the high-N/high-P supply regime 
than in regimes with lower N/P additions (F3,38 
= 63.1, P < 0.001) (Table 2, Figure 2b). The ini-
tial slope (α) and convexity (θ), however, of the  
J/Q response fi tted to the model described by 
Prioul and Chartier (1977) was not signifi cantly 
infl uenced by nutrient treatment (F3,38 < 1.94, p > 
0.13), clone (F4,38 < 1.70, p > 0.17) or their inter-
action (F12,38 < 1.51, p > 0.16), being on average 
(± 1 SE) 0.258 ± 0.001 mol electrons molּquanta-1 
and 0.851 ± 0.005 (no units, value between 0 and 
1), respectively (data not shown). 

Table 2. Apparent maximal rate of electron transport (Jmax), photochemical effi ciency 
of PSII (ΦPSII) at an irradiance over 2000 μmol photons m-2 s-1, maximal photochemical 
effi ciency of PSII (Fv/Fm) of dark-adapted leaves and the ratio of ΦPSII to Fv/Fm × 103 (R) 
across nutrient treatments and Pinus radiata clones at month six (n = 182). 

Jmax

n μmol m-2 s-1 ΦPSII Fv/Fm R
Treatments1

N0P0 46 266 ± 7 a2 313 ± 6 a2 804 ± 3 a2 389 ± 8 a2

 N0P1 46 289 ± 6 a 329 ± 5 a 814 ± 2 b 404 ± 7 a
N1P0 44 349 ± 8 b 374 ± 6 b 827 ± 3 c 453 ± 7 b
N1P1 46 399 ± 9 c 402 ± 7 c 837 ± 2 d 480 ± 9 c
Clones
A 39 330 ± 11 a 354 ± 10 a 818 ± 3 a 425 ± 10 a
 B 31 318 ± 14 a 348 ±   9 a 818 ± 4 a 427 ± 12 a
C 37 332 ± 14 a 351 ± 11 a 825 ± 3 a 428 ± 11 a
D 38 322 ± 13 a 358 ±   8 a 820 ± 3 a 434 ±  9 a
E 37 325 ± 10 a 363 ±   9 a 820 ± 3 a 442 ± 10 a
Analysis of variance
Treatments (T) p<0.001 p<0.001 p<0.001 p<0.001
Clones (C) 0.76 0.65 0.47 0.58
T× C 0.92 0.67 0.85 0.63
1Nutrient treatments comprise two nitrogen supply regimes (N0 = 1.43 and N1 = 7.14 mM) and two 
phosphorus supply regimes (P0 = 0.084 and P1 = 0.420 mM). 
2Means (± 1 standard deviation) for each treatment and clone followed by the same letter are not 
statistically signifi cant according to Tukey’s test (p = 0.05). 
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Figure 1. Fitted values of (a) photochemical effi ciency of 
PSII open reaction centers (ΦPSII) and (b) apparent electron 
transport rate (J) to irradiance (Q) for Pinus radiata 
given N and P, individually or in combination. Nutrient 
treatments comprise two nitrogen supply regimes (N0 = 
1.43 mM and N1 = 7.14 mM) and two phosphorus supply 
regimes (P0 = 0.084 mM and P1 = 0.420 mM). Symbols: 
○ = N0P0; □  = N0P1; ■  = N1P0 and ● = N1P1. The ΦPSII/Q 
and J/Q curves do not differ between clones. The model 
of Prioul and Chartier (1977) was fi t to the J / Q response: 
θJ2 – (αQ + Jmax)J + αQJmax, where θ is an index of the J/Q 
curve convexity (0 ≤ θ ≤ 1), α is the initial slope of the 
J/Q curve and Jmax is the fi tted asymptotic maximum value 
of J. Values of α and θ were found not to be infl uenced 
by nutrient treatment or clone, being on average (± 1 SD) 
0.258 ± 0.001 mol electrons mol quanta-1 and 0.85 ± 0.01 (no 
units, value between 0 and 1), respectively. Values of Jmax 
were found to increase with nutrient supply independent 
of the clone, being on average (± 1 SE)  266 ± 7, 289 ± 6, 
349 ± 8 and 399 ± 9 μmolּm-2ּs-1 electrons for the nutrient 
treatments N0P0, N0P1, N1P0 and N1P1, respectively. Because 
the measured J values are calculated as ΦPSII × Q × 0.84 × 
0.5, fi t ΦPSII values are presented as J / Q × 2.381.

μ
 

Figure 2. Infl uence of a factorial combination of nitrogen 
and phosphorus supply on (a) maximum quantum effi cien-
cy of PSII (Fv / Fm) and (b) maximum apparent electron 
transport rate (Jmax) of a fast- (Clone A, open bars) and a 
slow-growing clone (Clone E, closed bars) of Pinus radiata. 
Treatments comprise a combination of two nitrogen sup-
ply regimes (N0=1.43 mM and N1=7.14 mM) and two phos-
phorus supply regimes (P0=0.084 mM and P1=0.420 mM). 
Values are presented as means (± 1 SE) for each treatment 
and clone. Different letters indicate signifi cant differences 
between treatment groups at p < 0.05. Differences between 
clones are not signifi cant (ns).  
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p > 0.47) (Table 2). The addition of N individu-
ally was found to exert a greater infl uence on all 
chlorophyll fl uorescence variables studied than 
the addition of P individually.

Stern-Volmer non-photochemical quenching 
(Nq), which directly relates to the amount of 
energy dissipated as heat, was found to signifi -
cantly increase with increasing irradiance (F3,5 > 
14, p < 0.007).  Model parameters a and c of the 
von Bertalanffy fi t to Nq versus irradiance did 
not differ with nutrient treatments (F3,60 < 1.19, 
p > 0.32), while parameter b was signifi cantly 
higher in the treatment N1P0 group than in any 
other treatments (F3,60 = 7.31, p < 0.001) (Figure 
3). Model parameters a, b and c did not differ 
between clones (F1,60 < 1.17, p > 0.28). 

Irradiance (μmol m-2 s-1)
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Figure 3. The response of Stern-Volmer non-photochemical 
quenching (Nq) to irradiance (Q) as infl uenced by nutrient 
treatments at month nine.  A von Bertalanffy type model: 
Nq = a ( 1 – e –b Q ) c  was fi tted individually for all plants 
from clones B and E (68 plants). The model fi t the data well 
(r2 > 0.98, p < 0.001) with little apparent bias. Only model 
parameter b was signifi cantly higher in the treatment N1P0 
than in the other treatments. Model parameters a, b and c 
were not infl uenced by the clone. Symbols: ○ = N0P0 [Nq = 
3.27 (1- e -0.00216 Q)1.74876]; □ = N0P1 [Nq = 2.65(1-e -0.00245Q))1.86143]; 
■ = N1P0 [Nq = 2.74 (1-e -0.00349Q)2.63065] and ● = N1P1 [Nq = 
2.60 (1- e -0.00211Q)2.09986]. Presented equations correspond to 
the average of 16-18 plants per nutrient treatment. 

Infl uences of treatment on foliage nutrient 
concentrations

Foliage N and P concentrations matched the nu-
trient treatments at different times of analysis 

(data shown for month nine only). At the tree 
level, the observed Na ranged almost fourfold 
from 18 to 75 mmolּm-2, while Pa ranged eight-
fold from 0.7 to 5.6 mmolּm-2 (Figure 4). The ratio 
Na/Pa ranged 15-fold from 4.4 to 66.2 molּmol-1. 
The values of Na/Pa were not signifi cantly dif-
ferent between treatments N0P0 and N1P1 with 
an average (± 1 SE) of 21 ± 0.6; however, Na/Pa 
values for treatments N0P1 and N1P0 were sig-
nifi cantly different, being on average 9.4 ± 0.7 
and 50.4 ± 2.9, respectively.

 

 

Figure 4. Comparison of foliage nitrogen and phosphorus 
concentrations in Pinus radiata based on area across 
nutrient treatments and clones at month nine of the 
experiment. Treatments were made up as a combination of 
two levels of nitrogen (N0 = 1.43 mM and N1 = 7.14 mM) 
and two levels of phosphorus (P0 = 0.084 mM and P1 = 0.420 
mM) supply. Values are presented as means (± 1 SE) for 
each treatment and clone. Open symbols (○) represent clone 
A while closed symbols (●) clone E. 

Chlorophyll fl uorescence and foliage nutrient 
concentration

The relationship between chlorophyll fl uores-
cence variables and foliage nitrogen and phos-
phorus concentrations followed similar patterns 
at all times of analysis. The results are presented 
for month nine only. The ratio of Na to Pa was 
used to partition the population of chlorophyll 
fl uorescence and gas exchange measurements 
as nitrogen (Na/Pa ≤ 23 molּmol-1) or phosphorus 
(Na/Pa > 23 molּmol-1) defi cient. The rate of pho-
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tosynthesis at 360 μmol mol-1 CO2 concentration 
and 1500 μmolּ m-2ּ s-1 of irradiance (Asat), Fv / Fm 
and Jmax were strong and linearly related to Na 
(F1,43 > 8, p < 0.008) and Pa (F1,23 > 33, p < 0.001), 
except for the relationship between Fv / Fm and 

Pa, which was non-signifi cant (F3,23 = 1.76, p = 
0.18). Slopes and intercepts of the relationships 
between Asat, Fv / Fm and Jmax to either Na or Pa 
were not signifi cantly different between clones 
(Figure 5). 

μ
 

 

μ
 

 

μ
 

 

μ
 

 

Figure 5. The rate of photosynthesis, Asat, the maximal photochemical effi ciency of PSII of dark-adapted leaves, Fv / Fm, and 
the apparent rate of electron transport, Jmax, against foliage nitrogen(Na) and phosphorus (Pa) concentration on an area basis 
for Pinus radiata clones B (○) and E (●) at month 9.

Chlorophyll fl uorescence and gas exchange

Chlorophyll fl uorescence and gas exchange esti-
mates of electron transport were well correlated 
(F1,47 = 37.8, p <0.001); the slopes (F3,40 < 1.24, p 
> 0.31) and intercepts (F3,40 < 1.84, p > 0.15) of 
these linear relationships were not infl uenced by 
nutrient treatment or clone (Figure 5). This rela-

tionship has been described previously by Genty 
et al. (1989) and von Caemmerer (2000) under 
non-photorespiratory conditions (elevated CO2 
and low 0.01-0.02 molּmol-1 O2 concentration) 
to have very high correlations (r2 > 0.98). Our 
measurements were carried out under normal 
photorespiratory conditions (ambient CO2 and 
O2 concentration), and the relationship found 
was still highly signifi cant (Figure 6). This sug-
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gests that under our experimental conditions, 
chlorophyll fl uorescence variables are a good 
surrogate for gas exchange measurements.

μ  

μ
 

Figure 6. Relationship between the rate of electron trans-
port calculated from measurements of chlorophyll fl uores-
cence (Jf) versus electron transport rates calculated from 
gas exchange: 4(Asat + Rd) for Pinus radiata. Asat is the rate 
of photosynthesis at 360 μmolּmol-1 CO2 concentration and 
1500 μmolּm-2ּs-1 of irradiance, and Rd is the rate of day res-
piration (both based on projected leaf area), following von 
Caemmerer (2000). Gas exchange and chlorophyll fl uores-
cence measurements were carried out concurrently on 48 
plants of P. radiata at 20ºC, ambient CO2 (360 μmolּmol-1) 
and O2 (0.21 molּmol-1) and an irradiance of 1500 μmolּm-

2ּs-1 in the month 18 of the experiment.

Discussion

Our data support our fi rst hypothesis that the 
addition of N and P, individually or in combina-
tion, increases the photochemical effi ciency of 
PSII in dark- and light-adapted leaves of P. radi-
ata. We noted signifi cant differences in how N 
and P modify these parameters, however. Nitro-
gen and, to lesser extent P, additions were found 
to increase the proportion of open PSII reaction 
centers in the light and increase the effi ciency 
of energy trapping by open PSII centers. Our 
data clearly show that the individual addition 
of N increases the maximal photochemical ef-
fi ciency of PSII (Fv/Fm) to 2.3 times greater than 
after the addition of P alone (Fv/Fm for N0P0 was 
804, and increased by 1.2% for N0P1 and 2.8% 
for N1P0) (Table 2). The values of Jmax, ΦPSII and 
R (=ΦPSII / Fv/Fm) followed the same pattern. 
Several authors have observed increases in pho-

tochemical effi ciencies in the presence of higher 
foliage nitrogen (Gough et al., 2004; Niinemets 
et al., 2001) and phosphorus (Conroy et al., 
1986; Conroy et al., 1990; Loustau et al., 1999) 
supplies in conifers, but we are unaware of any 
study comparing the separate and combined ef-
fects of N and P addition on the photochemical 
effi ciency of PSII.

We found that the second hypothesis, which 
states that non-photochemical quenching de-
creases with individual or combined addition of 
N and P, to be false in a strict statistical sense, 
but we believe this hypothesis to be true in a 
broader physiological sense. We observed high 
variability in the measurement of this vari-
able, which probably prevented us from fi nd-
ing signifi cant differences between nutrient 
treatments. Overall, Stern-Volmer non-photo-
chemical quenching tended to decrease (plants 
dissipated less heat) with the addition of N and 
P: model parameter a (asymptote to the Nq / Q 
response curve) was equal to 3.3 in the low-N/
low-P treatment, whereas it was 2.6 in the 
high-N/high-P supply regime (typical values 
0.5-3.5, Maxwell and Johnson, 2000) (Figure 3). 
The sole addition of N signifi cantly increases 
model parameter b (shape parameter for the Nq 
/ Q response curve) over all other treatments, 
making non-photochemical quenching very re-
sponsive to increases in irradiance below 800 
μmol m-2 s-1 and evening out drastically after 
this threshold (Figure 3). The activity of PSII 
is highly regulated by irradiance and the use 
of ATP and NADPH in the Calvin cycle and 
other metabolic processes in the chloroplast 
(Rosenqvist and van Kooten, 2003); therefore, 
the photochemical effi ciency of PSII and the 
rate of heat dissipation must be adjusted so that 
the electron transport rates match the capacity 
of the photosynthetic carbon reduction (Calvin) 
cycle (Ruban and Horton 1995).

Our data is inconsistent with our third hypoth-
esis, which stated that faster growing genotypes 
exhibit greater photochemical effi ciencies than 
slower growing genotypes. Only a few studies 
have reported on the genetic variation in chlo-
rophyll fl uorescence traits in forest species. 
Koehn et al. (2003) observed genetic variation 
in photochemical quenching (qP) and ΦPSII but 
not in non-photochemical quenching (qN) among 
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slash pine families (P. elliottii var. elliottii). In 
contrast, Marshall et al. (2001) found insignifi -
cant differences in maximum photochemical 
effi ciency (Fv/Fm) between tall and short (i.e. 
height growth traits) open-pollinated families 
of Pseudotsuga menziesii, Pinus ponderosa 
and Pinus monticola. In this study, chlorophyll 
fl uorescence variables were not infl uenced by 
genotype. Pearcy et al. (1987) points out that 
environmental variation in resource availabil-
ity infl uences photosynthetic responses more 
strongly than do genetic differences between 
individuals. Schreiber et al. (1994) and Bolhar-
Nordenkampft and Oquist (1993) have argued 
that chlorophyll fl uorescence methods may be 
useful for selecting optimal genotypic perfor-
mance under different environmental stresses; 
however, in the particular case of P. radiata, the 
results of our study suggest that screening geno-
types for nutritional stresses using chlorophyll 
fl uorescence techniques is not promising. 

The fourth hypothesis, suggesting that a stoi-
chiometric ratio of foliage N to P of 23 molּmol-1 
allows one to separate N from P defi ciencies, was 
found to be true. The range of Na and Pa in the fo-
liage sampled was wide, more than covering the 
range of low, marginal and satisfactory levels of 
foliage nitrogen and phosphorus concentrations 
for P. radiata that were proposed by Will (1985) 
to indicate the nutrient status of plants. In this 
study, the photochemical effi ciency of PSII cor-
related well with the foliage N and P when we 
used a ratio of Na / Pa equal to 23 molּmol-1 to 
separate N from P defi ciencies (Figure 5). Stoi-
chiometric ratios have been extensively used to 
measure optimum nutrition levels and explain 
particular nutrient limitations (Ingestad, 1971, 
1979; Ingestad and Lund, 1986). Knecht and 
Göransonn (2004) argued that the optimum ra-
tio of nitrogen to phosphorus in terrestrial plants 
is similar for a wide range of species and equal 
to about 100:10 gּg-1 (23 molּmol-1). Several au-
thors (Reich and Schoettle, 1988; Marschner 
1995; Aerts and Chapin, 2000) have suggested 
that deviations in these levels lead to nitrogen 
(Na/Pa ≤ 23) or phosphorus (Na/Pa > 23) defi -
ciencies. We found this partitioning approach 
to give consistent results across all timepoints. 
Chlorophyll fl uorescence variables below a Na 
/ Pa  ratio of 23 molּmol-1 correlated well with 
Na but not with Pa, while observations above 23 

molּmol-1 scaled positively and linearly with Pa 
but not with Na in all timepoints.

Fascicle size and plant leaf area scaled with ni-
trogen and, to a lesser extent, phosphorus sup-
ply, with slow growing clones generally exhibit-
ing smaller fascicles and smaller leaf areas than 
faster growing clones (Table 1). Cookson et al. 
(2005) argue that leaf development is infl uenced 
by genetic, hormonal, nutritional and environ-
mental factors. Fife and Nambiar (1997) argue 
that N supply increases leaf mass by developing 
larger and greater density of needles and ob-
served that needle mass increases with N supply 
in P.radiata. Similarly, Niinemets et al. (2001) 
observed that needles are shorter in an N and 
P-poor site compared to a N and P-rich site in 
P.sylvestris. Gough et al. (2004) argued that fer-
tilization results in more C being fi xed  per unit 
leaf area, with the additional photo-assimilate 
being subsequently converted into larger leaf 
area. Differences in productivity across nutrient 
treatments can be at least partially explained by 
greater C allocation to the leaf area and greater 
photochemical effi ciency in the high-N/high-P 
nutrient supply regime compared to the lower 
N/P regime. Differences in growth performanc-
es among clones (Table 1) can be attributed at 
least partially to changes in leaf area and fas-
cicle size but not to photosynthetic performance 
per unit leaf area.
The fi fth hypothesis, which stated that chloro-
phyll fl uorescence parameters correlate well 
with photosynthetic rates under ambient pho-
torespiratory conditions, was found to be true. 
Electron transport rates calculated using chlo-
rophyll fl uorescence techniques are generally 
indicative of overall rates of photosynthesis; the 
advantage of this method is that these rates can 
be determined almost instantaneously (Maxwell 
and Johnson, 2000). Genty et al. (1989) showed 
that under experimental non-photorespiratory 
conditions ΦPSII is well correlated with ΦCO2 (r

2 
= 0.99), and we found that this relationship is 
still highly signifi cant for electron transport (r2 
= 0.45) at ambient O2 concentrations. Maxwell 
and Johnson (2000) argue that this relationship 
breaks down under fi eld conditions, but we sug-
gest that concurrent measurements of chlorophyll 
fl uorescence and gas exchange in a small sample 
set may provide the means to validate chloro-
phyll fl uorescence observations in the fi eld as a 
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Resumen

H.E. Bown, E.G. Mason, P.W. Clinton y M.S. Watt. 2009. Respuestas en fl uorescencia de la 
clorofi la de clones de Pinus radiata a la adición de nitrógeno y fósforo. Cien. Inv. Agr. 36(3): 
451-464. Se evaluaron las respuestas en fl uorescencia de la clorofi la frente a una combinación 
factorial de adiciones de nitrógeno (N) y fósforo (P) en cinco clones de Pinus radiata cultivados 
en un invernadero por 24 meses. Se midió la fl uorescencia de la clorofi la en tres ocasiones: al 
sexto mes (5 clones, 182 plantas), al noveno mes (2 clones, 68 plantas) y al décimo octavo mes 
(2 clones, 48 plantas). El crecimiento en diámetro, altura y área foliar de las plantas,  y la masa, 
longitud y diámetro de los fascículos aumentaron signifi cativamente con adiciones de N y en 
menor medida con adiciones de P, y todas estas variables fueron máximas cuando ambos N y P 
se aplicaron en forma combinada. Las variables de crecimiento de las plantas y de tamaño de los 
fascículos también fueron signifi cativamente infl uidos por el genotipo los que además fueron 
generalmente consistentes con las respuestas observadas en los ensayos de campo. La efi ciencia 
fotoquímica del FSII de las muestras de follaje adaptadas a la oscuridad (Fv/Fm) y a la luz (ΦPSII) 
aumentaron signifi cativamente con adiciones de N  y en menor medida con adiciones de P, y 
los efectos combinados de N y P excedieron aquellos de sus contribuciones individuales. El 
máximo quenching no fotoquímico (Stern-Volmer), el cual es un indicador de la proporción de 
energía disipada como calor, no aumentó signifi cativamente en la medida que las plantas fueron 
más defi cientes en N o P. Las variables asociadas a la fl uorescencia de la clorofi la no difi rieron 
entre los clones. Se encontró relaciones lineales positivas entre las tasa de fotosíntesis medida a 
360 μmol mol-1 de concentración de CO2 e irradiación de 1500 μmol fotones m-2 ּs-1 (Asat), Fv/Fm 
y ΦPSII, y las concentraciones foliares de nitrógeno (Na) y fósforo (Pa) expresadas sobre una base 
de área foliar cuando se utilizó una razón Na/Pa igual a 23 molּmol-1 para separar defi ciencias de 
N de las defi ciencias de P. Estas relaciones fueron independientes del genotipo. Las estimaciones 
de transporte de electrones basadas en fl uorescencia de la clorofi la e intercambio gaseoso se 
encontraron bien correlacionadas bajo condiciones ambientales normales de fotorespiración, 
sugiriendo que las variables asociadas a la fl uorescencia de la clorofi la fueron un buen estimador 
de las tasas de fotosíntesis para nuestras condiciones experimentales.

Palabras clave: Efi ciencia fotoquímica del FSII, fl uorescencia de la clorofi la, genotipo, 
limitaciones nutricionales, transporte de electrones.

measure of photosynthetic performance under 
ambient photorespiratory conditions. 

In conclusion, this paper examined chlorophyll 
fl uorescence responses to nitrogen and phospho-
rus supply in P. radiata clones. This study shows 
that the addition of N and, to a lesser extent P, 
increases the proportion and effi ciency of open 
PS II centers in the light without signifi cantly 

decreasing heat dissipation. We also found that 
the effects of nitrogen and phosphorus supply 
on chlorophyll fl uorescence variables are statis-
tically independent and not infl uenced by geno-
type. This conclusion applies only to the clones 
that we tested under the given experimental 
conditions; some genotypic variation may be 
expected with respect to nutrient capture and 
use effi ciency under fi eld conditions.
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