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Diurnal and Seasonal Patterns of Nitrogen Fixation in an 
Alnus hirsuta Plantation of Central Korea 

Yoon Young Lee and Yowhan Son*  
Division of Environmental Science and Ecological Engineering, Korea University, Seoul 136-701, Korea 

We used an acetylene reduction assay to measure rates of nitrogen fixation on a 38-year-old Alnus hirsuta plantation 
in central Korea. The diurnal pattern of acetylene reduction changed significantly during May, August, and October, 
typically varying by 3-fold throughout the course of the day. Maximum rates occurred at 3 p.m. in May and October, 
but at 6 p.m. in August. Increasing trends were evident during the early growing season, with sustained high rates 
from mid-May through late September; July had the highest rates, averaging 7.2 ~mole g-1 dry nodule h ~. The aver- 
age nodule biomass for this plantation was 220 kg ha  1. Rates of acetylene reduction were related to soil temperature, 
but not to soil moisture content. Combining these nodule biomass calculations with seasonal average acetylene 
reduction rates yielded an estimate of current annual nitrogen fixation of 60 kg N ha -~ for the plantation. This rate of 
annual nitrogen addition was very large in relation to the yearly nitrogen requirements of coniferous and deciduous 
forests in central Korea. 
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Because low soil fertility hampered reforestation 
efforts on devastated lands in Korea several decades 
ago, nitrogen-fixing trees, such as Robinia pseudoaca- 
cia L. and Alnus spp., were widely planted to 
enhance soil nitrogen content. The most successful 
species, Alnus hirsuta Rupr., is indigenous to northeast 
Asia, shows rapid growth rates in central Korea, and 
re-sprouts after cutting (Krussmann, 1984). Atnus spe- 
cies have been studied extensively in other countries 
for their commercial uses and as sources of biologi- 
cally fixed nitrogen (Trappe et al., 1968; Binkley et al., 
1994; Hibbs et al., 1994; Fisher and Binkley, 2000; 
Anderson et al., 2004; Razgulin and Bogatyrev, 
2004). However, very limited information is available 
on the ecology and management of A. hirsuta (Chae 
and Kim, 1977; Mun et al., 1977) or other nitrogen- 
fixers in central Korea (Koo et al., 1982, 1996; Lee, 
1984, 1988). 

Understanding the influences of nitrogen-fixing spe- 
cies on stand structure and growth, and on soil prop- 
erties is important for proper management of forest 
ecosystems (Rhoades et al., 2001; Rothe et al., 2002; 
Deal et al., 2004). The complex ecophysiological fac- 
tors that control nitrogenase activity have been stud- 
ied, with the acetylene reduction method being 
widely used to measure nitrogen fixation by Alnus 
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spp. (Teklehaimanot and Martin, 1999; Hurd et al., 
2001; Anderson et al., 2004; Razgulin and Bogatyrev, 
2004; Yamanaka et al., 2005). However, estimates of 
nitrogen fixation and its diurnal and seasonal patterns 
by A. hirsuta using that assay have not been reported. 
Furthermore, the effect of environmental parameters 
on such nitrogen fixation has not been examined. 
Therefore, the objectives of the current study were to 
1) investigate diurnal and seasonal patterns of nitro- 
gen fixation, 2) examine the relationship between 
nitrogen fixation and soil conditions, e.g., soil temper- 
ature and moisture content, 3) measure the nodule 
biomass for this species, and 4) estimate the annual 
rate of nitrogen fixation using the acetylene reduc- 
tion technique for a 38-year-old A. hirsuta plantation 
in central Korea. 

MATERIALS A N D  M E T H O D S  

This study was conducted on an A. hirsuta planta- 
tion in central Korea (37047'32 " N, 127048'48 " E). 
The average annual temperature and precipitation 
are 10.9~ and 1266 ram, respectively, in that region, 
with about 70% of the annual precipitation falling 
between June and August. The silt loam soil has 
developed from granite gneiss, with a pH of 5.2 
(measured in H20), 0.45% Kjeldahl N, 18.8 mg kg 1 
available P, and 5.9 meq exchangeable K kg -~. In 
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2003, the average diameter at breast height (DBH) 
and height of this 38-year-old plantation were 20.0 
cm and 17.8 m, respectively, and stand density was 
approximately 700 trees ha -1. Three 10 m x 10 m 
research plots were established within the plantation. 

For the acetylene reduction assays, nodulated root 
pieces were carefully excavated from the soil and 
enclosed in either 312-mL or 600-mL wide-necked 
glass bottles (depending on nodule size) that were fit- 
ted with rubber stoppers. The procedure involved 
incubating the nodules in the field for 1 h in an atmo- 
sphere of 10% acetylene (Knowles, 1987; Weaver 
and Frederick, 1987; Rice and Olsen, 1993). The gas 
subsamples were then removed and stored in vacu- 
tainer tubes for later analysis by gas chromatography 
(Model 6890, Hewlett Packard, USA). Gas separation 
was conducted with a Porapak R column (80 to 100 
mesh). Acetylene reduction rates were expressed in 
micromoles of ethylene produced per gram dry 
weight of nodule tissue per hour. The quantity of 
nitrogen fixation was calculated by assuming 1 mole 
of nitrogen for 3 moles of acetylene reduced (Hardy 
et al., 1973). 

Diurnal patterns were determined by measuring 
nitrogen fixation on three occasions (25 May, 14 
August, and 25 October 2003), when the nodules 
were incubated at 3-h intervals over a 24-h period. To 
obtain the rates of seasonal nitrogen fixation, nodule 
samples were assayed from April to December of 
2003. Measurements were generally done between 
midmorning and noon on all measuring dates; the 
diurnal trends had indicated that this time period 
would produce readings close to, or slightly below, 
the 24-h average. The total biomass of nodules was 
calculated by excavating three to four 30 cm x 30 cm 
x 30 cm soil pits per plot (total 9 to 10 pits) on 2 
April, 17 May, 6 July, 15 August, and 28 September 
2003. After the dead material was excluded, the nod- 
ules were oven-dried at 75~ and weighed to deter- 
mine their biomass. At the time of each nitrogen 
fixation measurement, the soil moisture content was 
determined gravimetrica[ly and the soil temperature 
was monitored with a probe at 15 cm depth. 

We assumed that the measured acetylene reduc- 
tion rates approached the average 24-h rates. There- 
fore, the overall growing-season level of nitrogen 
fixation was calculated by multiplying the specific 
nitrogenase activity by the number of hours in the 
measuring period and by the nodule biomass per unit 
area (Binkley, 1981). The annual nitrogen fixation per 
unit area was estimated by summing the values for 
growing-season nitrogen fixation, assuming that rates 

were negligible in winter. That is, the acetylene reduc- 
tion rates from 17 December through 1 April were 
assumed to be zero based on the data for seasonal 
nitrogenase activity gained from this study. Statistical 
analyses-were performed using SAS 6.03 software 
(SAS, 1988). Analysis of variance was used to test 
mean differences in diurnal and seasonal nitrogen fix- 
ation among the measurements. In addition, we con- 
ducted regression analysis to quantify the relationship 
among nitrogen fixation and soil moisture and tem- 
perature. Results were considered significant at 
p<0.05. 

RESULTS AND DISCUSSION 

During the growing season, the nodule biomass (kg 
ha 1, mean _+ 1 standard error) on the Alnus hirsuta 
plantation was 192.6 _+ 133.7 (2 April), 200.0 _+ 62.6 
(17 May), 257.8 _+ 157.0 (6 July), 220.1 _+ 87.6 (15 
August), and 229.8 _+ 108.9 (28 September 2003). 
Biomass did not differ significantly among those five 
sampling times (p=0.3), with an overall average of 
220 kg ha -1. Although few previous studies have 
measured this parameter in pure Alnus species under 
field conditions, their nodule biomass has ranged 
from 30 to 450 kg ha 1, depending on the species 
and the age of the stand (summarized by Binkley, 
1981; Sharma and Ambasht, 1984; Binkley et al., 
1992). Our values fell with this range and were close 
to those for stands of similar age. 

Distinct diurnal patterns in A. hirsuta appeared for 
acetylene reduction and soil temperature at the 15- 
cm depth (Fig. 1). In general, acetylene reduction 
rates increased from the early morning, peaked in the 
mid- to late afternoon, then decreased throughout 
the night. Maximum rates occurred at 3 p.m. in the 
spring and fall, but at 6 p.m. in the summer. These 
diurnal patterns, possibly related to soil temperature, 
are very similar to those reported for A. rubra (Tripp et 
al., 1979) and A. glutinosa (Dawson and Gordon, 
1979). An alternative explanation may be that these 
patterns simply tracked daily photosynthetic activity 
in the canopy (Wheeler, 1969; Tripp et al., 1979; 
Binkley et al., 1994). Mean acetylene reduction rates 
(mmole g l  dry nodule h -1) over individual 24-h test 
periods were 4.94 for 25 May, 7.30 for 14 August, 
and 3.41 for 25 October. 

Seasonal patterns were also monitored for soil tem- 
perature and acetylene reduction by A. hirsuta (Fig. 
2). Our values represented the average for 9 to 10 
points or trees at each measuring time; they were not 
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Figure 1. Diurnal pattern of acetylene reduction and soil 
temperature by A. hirsuta for May 25 (a), August 14 (b), and 
October 25 (c). 

adjusted to account for the daily variations in acety- 
lene reduction shown in Figure 1. The seasonal aver- 
age fixation rate of 3.9 ~mole g~ dry nodule h ~ was 
lower than those (5 to 10 ~umole g~ dry nodule h ~) 
reported for Alnus species older than 15 years (Bin- 
kley et al., 1992). In general, our data revealed similar 
seasonal patterns for acetylene reduction and soil 
temperature, both of which increased from spring, 
remained high through mid-summer, and decreased 
thereafter. This same seasonal pattern for acetylene 
reduction was reported by Bormann and Gordon 
(1984), Sharma and Ambasht (1984), and Binkley et 
al. (1992). In the current study, acetylene reduction 
rate was strongly correlated with soil temperature (see 
below). Some seasonal variations were evident in 
acetylene reduction, with the greatest variability 
occurring in September and December when the 
95% confidence limits were 37 to 38% of the means. 
However, on other measuring dates, these were 10 to 
20%. Our values were lower than those reported by 
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Figure 2. Seasonal pattern of acetylene reduction by A. hir- 
suta and soil temperature at 7 time points. 

Trippet al. (1979); some of this variation might have 
been related to seasonal changes in nodule biomass. 

It is also possible that the low rate of acetylene 
reduction early in the growing season partly resulted 
from low moisture content, moisture stress being 
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Figure 3. Relationship between acetylene reduction and soil 
moisture content (a) and soil temperature (b) for A. hirsuta. 



Nitrogen Fixation in an Alnus hirsuta Plantation 335 

Table 1. Annual nitrogen fixation rates in Alnus species ecosystems, as measured by the acetylene reduction technique. 

Species Age Rate (yr) (kg ha -1 yr -~) Reference 

A. hirsuta, pure stand 
A. glutinosa, pure stand 
A. incana, pure stand 

A. rubra, pure stand 

A. nepalensis, mixed with Amomum subulatum 
A. rubra, mixed with Pseudotsuga menziesii 
A. sinuate, mixed with Pseudotsuga menziesii 

38 60 Current study 
5-20 58 Cited by Binkley, 1981 
6-7 85-'115 Rytter et al., 1991 
30 43- Johnsrud, 1978 

37 Hurd et al., 2001 
5 50-106 Cited by Binkley, 1981 

2-4 62 Tripp et al., 1979 
5-55 60-150 Reviewed by Binkley et al., 1994 
5-40 52-155 Sharma et al., 2002 
15-20 130 Binkley, 1981 
15-20 20 Binkley, 1981 

common in that study region (Binkley et al., 1992). 
Howevel, seasonal changes in photoassimilates might 
also have influenced acetylene reduction rates 
(Wheeler, 1971 ; Tripp et al., 1979; Huss-Danell et al., 
1992; Ekblad et al., 1994). 

Soil moisture content was low between spring and 
early summer (range of 3.7 to 13.6%), but rapidly 
increased and remained high from mid-summer 
throughout the rest of the season (26.5 to 28.2%). 
Although Binkley et al. (1994) have concluded that 
seasonal dynamics in soil moisture likely affect nitro- 
gen fixation for A. mbra, here we observed no signifi- 
cant correlation between acetylene reduction rate 
and soil moisture content for A. hirsuta (p>0.1)(Fig. 
3a). Similar seasonal patterns of acetylene reduction 
and soil temperature have suggested that temperature 
plays an important role in controlling nitrogen fixation 
(ginkley et al., 1994); we also found a significant cor- 
relation between acetylene reduction and soil tem- 
perature (p<0.0001, r=0.70) (Fig. 3b). 

Approximately 60 kg N ha ~ was fixed annually by 
our pure A. hirsuta plantation. This value was within 
the ranges identified from other Alnus species. How- 
ever, Bink[ey et al. (1994) have reported that a pure 
A. rubra stand can show higher values (100 to 200 kg 
ha -~ y r  ~) than those measured in a mixed A. rubra 
stand (50 to 100 kg ha -1 yr 1) (Table 1). Likewise, 
Mun et al. (1977) have estimated annual, per-hect- 
are values for nitrogen requirements (120 kg), re- 
translocation (31 kg), and return (89 kg) on a 12-year- 
old A. hirsuta plantation with a stand density of 1700 
trees ha -1. Considering the age and stand density in 
that previous study, the 60 kg ha 1 y r  ~ estimated for 
nitrogen input in our study plantation would be sub- 
stantial and might be more than half of its annual 

nitrogen requirement. Most of the nitrogen necessary 
for tree growth is generally supplied through N miner- 
alization in the soil. In Korea, estimated rates of this 
mineralization have ranged from 42 to 92 kg ha 1 yr-1 
for coniferous species (Pinus rigida and Larix leptole- 
pis) to 98 to 127 kg ha ] yr ~ for the deciduous Quer- 
cus spp. (Son and Lee, 1997; Son, unpublished data, 
2004). Therefore, the rate of nitrogen fixation by A. 
hirsuta may be half or more of the common rates of 
soil nitrogen mineralization. Given that this is an 
annual rate of input, the long-term increase in soil 
nitrogen supply probably rises dramatically under the 
influence of A. hirsuta, supporting the feasibility of 
using this species as source of nitrogen enrichment in 
the forests of central Korea. 
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