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Abstract   Exponential nitrogen (N) loading approach 
has been used to optimize seedling growth in container 
seedling production. However, the response of seedling 
growth to N loading and optimal N loading rates are 
species-dependent. There is a lack of information on 
optimal N loading in container production of Australian 
Blackwood (Acacia melanoxylon) seedlings. In this 
study, 7 exponential N loading at rates of 0, 50, 100, 
200, 300, 400, and 600 mg N seedling-1, respectively, 
were applied at the week 3, 6, 9, 12 and 14 after trans-
planting to determine optimal loading approach based 
on seedling height, root collar diameter (RCD), biomass 
accumulation and N uptake in tissue-cultured Australian 
Blackwood (A. melanoxylon) seedlings. Seedlings did 
not respond to N loading 3 wk after transplanting, then 
the accumulative addition of N loading for improved 
RCD and seedling height was 12.99 and 28.02 mg N 
seedlings-1 in the 100 N and 400 N treatment 6 wk after 

transplanting, respectively, and on 9 and 12 wk, that 
for improved seedling growth was 63.64 and 400 mg N 
seedling-1 in the 200 N and 400 N treatment, respective-
ly. Vector diagnosis of final biomass and N status indi-
cated that the dose of 100 and 400 mg N seedling-1 was 
characterized to be "deficient" and "optimum" dose of 
exponential N loading for Blackwood seedlings. These 
conclusions promise to figure out a precise fertilization 
regime for Blackwood seedlings and the demonstration 
of dynamic seedling performance could be used for oth-
er tree species.

Keywords   Australian Blackwood · Exponential N 
loading · Growth performance · Luxury N consumption 
· Vector diagnosis

Introduction

Australian Blackwood (Acacia melanoxylon), a valu-
able plantation species for multipurpose forests farms in 
Australia, was introduced into China in the 1980s and 
has become a high-value commercial timber species in 
southern China because of its viability to selectively 
harvest, good market in small volumes and less fertilizer 
demand, which is an important commercial tree species 
and widely planted in southern China. However, to the 
cultivation of this species is often limited by insuffi-
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cient high-quality seedlings which are mainly cultured 
through container seedling production in southern Chi-
na. Under current nursery fertilization regime, container 
stock of this species usually fails to meet the require-
ment for the quality standard, and no available informa-
tion has been documented to improve operational fertil-
ization regime (Rowan, 2007). 

Early seedling growth after out-planting could be 
promoted by an abundant endogenous nutrient storage 
within seedlings (Close et al., 2005; Birge et al., 2006). 
Previous studies indicated that compared to the bare-
root seedling stock, containerized seedlings are less 
competitive in the field due to insufficient nutrient pre-
conditioning and small initial size (Huang, 1993). Many 
studies have shown that optimizing the nutritional re-
gime of tree seedlings was an important solution to im-
proved container seedling quality and can be achieved 
by optimal fertilizer application to induce a steady-state 
nutrition status within seedlings at a maximum size 
(Trubat et al., 2006; Jeyanny et al., 2009) so as to.  The 
fertilizer applications with exponentially increased nu-
trient addition rates is a commonly used approach (Imo 
and Timmer, 1992). 

Using the exponential nutrient loading technique, a 
steady nutrient accumulation, or luxury consumption, 
within seedlings can be obtained in spite the supply 
exceeds the capacity of seedlings utilization (Timmer, 
1997). Also, this technique has been proven to reduce N 
loss through leaching (Schmal et al., 2011; Park et al., 
2011) and improve N uptake efficiency during culture 
(Park et al., 2011) and hasten bud burst and enhance 
new root growth after transplanting (Luoranen and Ri-
kala, 2011). However, endogenous nutrient invested in 
seedling storage is usually diluted during fast accumu-
lation of biomass (Boivin et al., 2002). Therefore, an 
intensive nutrient loading regime was suggested to max-
imize the seedling nutrient reserves (Miller and Timmer, 
1997). On the other hand, nursery nutrient loading with 
a heavy fertilizer inputs requires a judicious fertiliz-
er delivery and accurate prescription to avoid nutrient 
toxicity (Salifu and Timmer, 2003; Salifu and Jaocbs, 
2006). However, there is a lack of information on, the 
optimum rates of N nutrient loading in the Austrilian 

Blackwood seedlings production. The objective of this 
study was to determine the optimal N-loading fertiliza-
tionprescription for containerized Blackwood seedlings 
by examining the growth responses of seedling to a 
wide range of N availabilities. The information obtained 
through this study can be valuable information to the 
container nursery production of Australian Blackwood.

Materials and methods

Seedling culture

Blackwood (A. melanoxylon) seedlings-tissue-cultured 
from the clone were supplied by Guangdong Academy 
of Forestry, Guangzhou, China. After initial quality 
screening by size, seedlings were transplanted into 
Styroblock trays filled with a uniformly screened peat 
and vermiculite (3:1, V/V) mixture at the South China 
Agricultural University greenhouses under controlled 
growth conditions, setting the average daytime tempera-
ture from 24 to 29 °C, relative humility 48%–71% and 
natural photoperiod and operational photo intensity. On 
average, the seedling height was 12 cm and root collar 
diameter (RCD) was 1.09 cm. Each Styroblock tray 
contained 24 cavities with volume of 100 mL, each and 
all trays were rearranged every 2 weeks.   

N-loading treatment

Fertilizer was applied soon after transplanting and 
continued for 12 wk with a commercial water-soluble 
fertigation system (20:20:20 plus microelements, Plant 
Products Co., Brampton, Ontario, Canada). The fertil-
ization treatment included 7 series each has exponential 
varying loading amount as shown in Table 1. The week-
ly N loadings of each treatment were determined using 
an exponential function to synchronize with exponential 
growth of plant seedlings, which is expressed as fol-
lows:
NT = NS (e

rt - 1)
Where r is the relative addition rate required to in-

crease NS from the initial nutrient level to a final level of 
NT+NS. The NS (0.45 mg N) was determined by chemical 



3Optimizing the growth and N status of containerized Australian Blackwood (Acacia melanoxylon) seedlings with exponential nitrogen loading

analysis of seedlings samples two days before starting 
fertilization. The increment rate, r, was determined for 
the frequency of fertilizer applications (t = 12). The 
amount of fertilizers delivered at each specific applica-
tion was calculated from the model:
Nt = NS (e

rt - 1) – Nt -1

Where Nt-1 is the cumulative amount of fertilizers 
including the last application. The nutrient delivery re-
gime was modified to raise the initial (6 week) applica-
tion rates at the expense of the last addition to compen-
sate for possible incomplete exploitation of the growing 
medium by small root systems early in the rotation (Imo 
and Timmer, 1992; Timmer, 1997). The compensating 
amount of nutrients was also delivered exponentially, to 
correspond with exponential root system development, 
following an inverse function:
NC = N0 (e

-rt - 1)
Where N0 is the final amount of nutrient added over 

the compensation period. The compensation amount 
(NC) is the difference between the last and the pen-
ultimate fertilizer application. Worked examples of 
the calculations involved are provided in Timmer and 
Aidelbaum (1996). An operational flush of water fol-
lowed each fertilizer application to rinse fertilizer off the 
lamina to avoid possible burning. Supplementary irriga-

tion was delivered by topdressing with tap water when 
necessary. All fertilizer treatments were assigned to 56 
trays (7 treatments × 8 trays treatment-1) and arranged as 
randomized placed blocks. 

Sampling and growth determination of seedling  

Seedlings were sampled at 3, 6, 9, 12 wk after being 
transplanted and fertilized. Last sampling was done at 
the 14wk the end of the pre-hardening phase of the nurs-
ery culture four seedlings per tray were selected on each 
sampling date to make one determination unit, and 8 of 
such units were selected as samples per treatment. 

Each selected seedling was measured for height 
and root collar diameter, then cut into parts of shoots 
and roots. Each part was oven-dried at 68 °C for 72 h, 
ground, and wet-digested in a block digester using a 
Kjeldahl method for determination of total N concentra-
tion. Total tissue N concentration was determined using 
a Technicon II Autoanalyzer system (Pulse Instrumenta-
tion Ltd., SK, Canada).  

Data analysis

Analysis of variance (ANOVA) was conducted to ex-
amine the differences in seedling height, root collar di-
ameter, whole seedling biomass, and root to shoot ratio, 

Table 1  Weekly schedule of N loading applications to Blackwood seedlings

Weeks after 
transplanting Exponential N loading treatments (mg N seedling-1)

0 N 50 N 100 N 200 N 300 N 400 N 600 N
1 0 0.68 0.85 1.03 1.15 1.23 1.35
2 0 0.88 1.17 1.50 1.72 1.89 2.15
3 0 1.15 1.60 2.18 2.59 2.91 3.42
4 0 1.49 2.20 3.17 3.89 4.48 5.44
5 0 1.93 3.02 4.61 5.85 6.90 8.66
6 0 2.51 4.15 6.70 8.79 10.61 13.78
7 0 3.26 5.70 9.74 13.20 16.33 21.93
8 0 4.23 7.82 14.15 19.84 25.12 34.90
9 0 5.49 10.74 20.56 29.80 38.66 55.54
10 0 7.13 14.74 29.87 44.78 59.49 88.38
11 0 9.25 20.23 43.41 67.29 91.54 140.65
12 0 12.01 27.78 63.07 101.10 140.85 223.82

Total 0 50 100 200 300 400 600
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whole seedling N content and N concentration among 
fertilization treatments with SPSS 11.5 (SPSS, Inc., Chi-
cago, USA). When ANOVA indicated the significant fer-
tilization effect, Duncan’s multiple range test at P < 0.05 
was done to further check the difference between spe-
cific treatments. Results of seedling biomass, N content 
and concentration for the last harvest were presented 
together to quantify the optimization of N-loading ac-
cording to the description of Salifu and Timmer (2003) 
and Salifu and Jacobs (2006).

Results and discussion

Shoot morphology during fertilization

There were no significant differences in either root 
collar diameter (RCD) or seedling height among fertil-
ization treatments 3 wk after transplanting, except for 
600 N treatment which had a significantly lower seed-
ling height than the 50 N, 100 N and 300 N treatments 
(P < 0.01; Fig. 1 A, B). Insignificant response of early 
seedling growth to N loading treatments was probably 
attributed to the low rate nutrient load on the early state 
of seedling growth (Table 1). Possibly, the seedling may 
be growing by using internal nutrient and have very low 
external nutrient demand. Six wk after transplanting, the 
seedling under the 50 N, 100 N and 400 N treatments 
had higher RCD than that under 0 and 600 N treatments 
(P < 0.01; Fig. 1 A), while seedling height with the 400 
N treatment were higher than that with other treatment 
(P < 0.01; Fig. 1 B). Nine wk after transplanting, RCD 
and seedling height were greater in the 100 N, 200 N 
and 400 N treatments than that in the control and 600 
N treatments (P < 0.01) with their greatest in the 400 N 
treatment and smallest in the control and 600 N treat-
ments (P < 0.01). 12 wk after transplanting, seedling 
growth increased with increasing the fertilization dose 
from 0 to 400 mg N seedling-1, but decreased in the 600 
N treatment (P < 0.01). In our study, Blackwood seed-
lings were sampled following the fertilization treatment 
at the same days, fertilization effect could be obvious 
on seedling growth because both inorganic- and or-

ganic-brief-N pulse could be significantly up taken as 
reported previously (Metcalfe et al., 2011). 6 wk after 
transplanting, the accumulative addition of N loading 
for improved RCD and seedling height of Blackwood 
seedlings was 12.99 and 28.02 mg N seedlings-1 in the 
100 N and 400 N treatment, respectively, then on 9 and 
12 wk after transplanting, that for improved seedling 
growth was 63.64 and 400 mg N seedling-1 in the 200 N 
and 400 N treatment, respectively.

Biomass accumulation during fertilization

Whole seedling biomass was greater with 200 N and 
400 N treatments 3 wk after transplanting (P < 0.01). 
A significant increasing trend with N load dose from 
0 to 400 was found on 6, 9 and 12 wk sampling after 
transplanting (P < 0.01; Fig. 1 C). Lowest whole seed-
ling biomass were found with 600 N treatment for most 
investigating dates. Root to shoot biomass ratio (R/S) 
was higher in the 100 N treatment than in the 400 N and 
600 N treatments 3 wk after transplanting (P < 0.01; 
Fig. 1 D). Though total seedling biomass was greatest 
in the 200 N and 400 N treatment 3 wk after trans-
planting (Fig. 1 C), R/S in these two treatments did not 
increased, which indicated that most biomass may be al-
located to shoots, whose morphology, however, did not 
show any superiority in these two treatments (Fig. 1 A, 
B). This could be attributed to carbohydrates allocated 
in shoots to meet the heavy photosynthetic demand in 
the early stage of seedling growth (Toledo-Aceves and 
Swaine, 2008) without invested into morphology forma-
tion. Then R/S decreased mainly as the fertilization dose 
increased 6, 9 and 12 wk after transplanting (P < 0.01). 
These results concur the common trend of seedlings to 
allocate more biomass to roots when being exposed to 
nutrient deficiency (Salifu and Timmer, 2003; Schmal et 
al., 2011). 

N uptake during fertilization

Neither N content (Fig. 2 A) nor N concentration (Fig. 
2 B) was significantly distinguished among fertilization 
treatments 3 wk after transplanting (P < 0.01). Thus, 
during this time, transplanted seedling roots may have 
not brecovered N uptake ability (Salifu et al., 2009). 
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However, starting from 6wk after planting, there is an 
evidence that total seedling N content increased with 
the increase of fertilization dose from 0 N to 400 N 
seedling-1, but decreased in the 600 N treatment (P < 
0.01). Because seedling N content was calculated from 
N concentration multiplied by biomass, which therefore 
showed a same trend to biomass variation with increas-
ing amount of fertilization (Fig. 1 C); the trend of seed-
ling N content with the increase of fertilization dose also 
followed the response pattern of biomass to fertilizer 
treatment. These results, however, appeared to contra-
dict with the findings of Qu et al. (2003) whose study 
revealed that N accumulation of containerized Larch 
seedlings increased with the rise of N loading rates at 
four investigating days throughout the culture period. 
This may have been caused by the doses employed by 
Qu et al. (2003) covered a small range of fertilization 
supply for tree seedlings while the species may also 
cause difference. This was reasonable because seedling 

biomass in Qu et al. (2003) did not show significant 
response to fertilization as ours (Fig. 1 C). N concen-
tration increase with the fertilization dose range from 
0 N to 600 N seedling-1 (P < 0.01) indicates the effect 
of N loading on seedling N accumulation. The similar 
seedling N concentration increases with the N loading 
rate increase was reported on Larix kampferi Sarg., L. 
gmelinii × L. kampferi (Qu et al., 2003), Quercus rubra, 
Q. alba (Birge et al., 2006), Picea mariana (Salifu and 
Timmer, 2003) and Q. ilex L. (Oliet et al., 2009).

Final growth and N characteristics among 
fertilization treatments

At the end of the growing season (14 wk), the root 
collar diameter ranked in increasing order: 400 N 
(2.98±0.22 mm) > 300 N (2.68±0.31 mm) > 100 
N (2.58±0.29 mm) > 200 N (2.56±0.38 mm) > 50 
N (2.55±0.41 mm) > 600 N (2.43±0.47 mm) > 0 N 
(2.23±0.33 mm) (P < 0.01 ), while the shoot height in 

Fig. 2 Responses of whole seedling N content (A) and N concentration (B) to exponential N loading at doses of 0 (0 N), 50 (50 N), 
100 (100 N), 200 (200 N), 300 (300 N), 400 (400 N) and 600 (600 N) mg N seedling-1 3, 6, 9 and 12 wk after transplanting.  Different 
letters for investigating given date indicate a significant difference according to Duncan’s multiple range test at P < 0.05.
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decreasing order: 400 N (32.10±2.33 mm) > 300 N 
(30.28±1.98 mm) > 100 N (30.14±3.17 mm) > 200 N 
(29.66±2.36 mm) > 50 N (29.12±3.66 mm) > 600 N 
(26.42±3.22 mm) > 0 N (26.27±2.99 mm) (P < 0.01 ). 
Among N treatment, the 400 N treatment appeared to out-
perform significantly than those subjected to the highest 
dose of 600 mg N seedling-1 or the unfertilized ones. 

Although seedling biomass accumulation increased 
with the fertilization dose from 0, through 50, to 100 mg 
N seedling-1, there were no differences among 200 and 
300, until 400 mg N treatments. However, 600 mg N 
treatment seemed to have discouraged seedling growth 

(P < 0.01; Fig. 3). Seedling N content increased with the 
increase in fertilizer dose from 0 to 100 mg N seedling-1. 
However, further increase in fertilizer load from 100 to 
600 mg did not show significant increasing effect seed-
ling N content (Fig. 3). 

Although biomass with 200 N treatment is like that 
with 400 N treatment the fact that a lower N concentra-
tion of seedling in the 200 N treatment relative to the 
400 N treatment (Fig. 3) revealed that the 400 N treat-
ment resulted in a steady state nutrient accumulation 
compared to the 200 N treatment as indicated by vector 
nutrient diagnosis (Shift D, Fig. 4 A). Though differenc-

es in biomass, N content or N concentration between the 
300 N and 400 N treatments were not significant (Fig. 
3), the 400 N treatment tended to induce a luxury con-
sumption relative to the 300 N treatment (Fig. 4 A). Due 
to decreased biomass accumulation in the 600 N treat-
ment relative to the 400 N treatment (Fig. 3), the 600 N 
treatment resulted in excess N accumulation compared 
to the 400 N treatment (Shift E, Fig. 4 A). Therefore, 
400 mg N seedling-1 could be characterized as “opti-
mum” dose for Blackwood seedlings. This optimum 
dose was higher than the ones for P. mariana (64 mg N 
seedling-1; Salifu and Timmer, 2003) and Q. rubra (100 
mg N seedling-1; Salifu and Jacobs, 2006).

Compared the 100 N treatment with the 400 N treat-
ment the seedlings in the 100 N treatment had higher N 
content and higher N concentration, but biomass accu-
mulation was similar (Fig. 3). Hence the 400 N treat-
ment resulted in a luxury N consumption compared to 
the 100 N treatment (Shift D, Fig 4. B). Because seed-
ling biomass, N content and N concentration were all 
increased in the 100 N treatment compared to the 0 N 
treatment, the dose of 100 mg N seedling-1 alleviated N 
deficiency compared to the unfertilized treatment (Shift 
A, Fig. 4 B). Similarly, seedlings in the 50 N treatment 

Fig. 3 Responses of whole seedling biomass, N content and N concentration to exponential N loading at doses of 0 (0 N), 50 (50 N), 
100 (100 N), 200 (200 N), 300 (300 N), 400 (400 N) and 600 (600 N) mg N seedling-1 at the final harvest of 14 wk after transplanting. 
Different letters for investigating given date indicate a significant difference according to Duncan’s multiple range test at P < 0.05.
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tended to have deficient N compared to the ones in the 
100 N treatment (Fig. 4 B). Therefore, 100 mg N seed-
ling-1 could be characterized as the “sufficient” dose for 
Blackwood seedlings. This sufficient dose was higher 
than the ones for P. mariana (30 mg N seedling-1; Salifu 
and Timmer, 2003) and Q. rubra (25 mg N seedling-1; 
Salifu and Jacobs, 2006).

Conclusions

For the culture of Blackwood seedlings, exponential 
N loading was proven to improve seedling height and 
RCD and biomass and N accumulation at the supply 
rates from 0 to 400 mg N seedling-1, while the N loading 
dose of 600 mg N seedling-1 did not result in signifi-
cant promotion for either seedling growth or N uptake 
compared to the unfertilized treatment. On 6 wk after 
transplanting, the accumulative addition of N loading 
for improved RCD and seedling height of Blackwood 
seedlings was 12.99 and 28.02 mg N seedlings-1 in the 
100 N and 400 N treatment, respectively, then on 9 and 
12 wk after transplanting, that for improved seedling 
growth was 63.64 and 400 mg N seedling-1 in the 200 

N and 400 N treatment, respectively. After 14 wk of 
transplanting, vector diagnosis of final results indicated 
that the N loading dose of 400 mg N seedling-1 induced 
more biomass accumulation than the higher dose of 600 
mg N seedling-1, and the former was characterized as 
the optimum dose, while seedlings subjected to the 100 
mg N seedling-1 dose had more N content and higher N 
concentration; and this dose was characterized as the de-
ficient dose for Blackwood seedlings. 
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