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ABSTRACT

Activity of soil dehydrogenase (DHA) was measured in the mineral soil in a forest stand of 15 to 16-year-old
Scots pine (Pinus sylvestris L.) from geographically diverse populations, as an indicator of biological activity of
soil microorganisms, in a provenance experiment in Poland. The pine populations originated from six European
countries (Sweden, Russia, Latvia, Poland, Germany, France) and differed widely in aboveground biomass and
productivity. Soil DHA during two growing seasons showed pronounced seasonal variability, which was signifi-
cantly related to the fine root concentration of nonstructural carbohydrates. Higher DHA was found in soil under
canopies of the central and southern European populations than in those from more northern parts of the Scots pi-
ne range. Significant positive correlation between soil DHA and aboveground tree biomass suggest that these pat-
terns most likely resulted from differences in carbon dynamics and productivity among populations.
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INTRODUCTION

The rhizosphere is colonized by a variety of microorga-
nisms (fungi, bacteria, algae) that play a major role in plant
litter decomposition, humus formation and nutrient cyc-
ling. In order to degrade organic macromolecules, soil mi-
croorganisms require carbohydrates released by roots, as
an additional source of easily degradable carbon (Garbaye
1991). These organisms are very sensitive to various natu-
ral and anthropogenic stresses. Factors such as climatic
conditions, soil type, site fertility, vegetation type and air
and soil pollution are known to influence microbial bio-
mass and nutrient mobilization in soil (see: Rossel et al.
1997). In many ecosystems, soil microbial population dy-
namics have important additional implications for nitrogen
availability to plants, since soil microorganisms can com-
pete with plants for N, but declining microbial biomass can
release N that would be available to plants (Zak et al.
1990; Lipson et al. 1999).

A simple method of estimating potential soil microbial
vitality is to determine dehydrogenase activity (DHA) in
soil. Dehydrogenases are cofactor-requiring enzymes, al-
most exclusively intracellular and active only inside viable

cells. Contrary to other soil enzymes, dehydrogenases do
not accumulate in soil and degrade very rapid following
cell death (see: Rossel et al. 1997). The method of DHA
determination records the total energy transfer in the respi-
ratory chain and provides an index of overall microbial
oxidative activities in soil (e.g. Casida 1977; Tabatabai
1982; Nannipieri et al. 1990). Numerous authors have indi-
cated microbiological significance of the soil DHA and de-
monstrated positive, linear correlation between the DHA
and O, consumption, CO, production and active microbial
biomass (see: Nannipieri 1994; Rossel et al. 1997). The
above-mentioned authors summarized the advantages and
limitations of the method and concluded that DHA is
a useful, sensitive and easy to measure indicator of the im-
pact of different stress factors on soil microbial activity.
The method is considered to be a valid in vitro assay for
field experiments that compare the same soil type. An im-
portant limiting factor in DHA determination can be a defi-
ciency of the substrate — soil endogenous organic compo-
unds (Lenhard 1956; Ross 1971; Wardle 1992).

The effects of vegetation type, species, age and distribu-
tion on soil microbial biomass and activity have been re-
ported by several authors (e.g. Garcia et al. 1997; Bauhus
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et al. 1988; Graystone et al. 2001). However, very little is
known regarding seasonal pattern of microbial activity of
mineral soil in relation to productivity of tree canopies and
root carbohydrate fluctuations of different population of
one species. To explore these relations we studied micro-
bial activity in the mineral soil horizon for two consecutive
years under canopies of geographically diverse populations
of 15 to 16-year-old Scots pine (Pinus sylvestris L.). A pro-
venance experiment, with repeated blocks and plots esta-
blished in uniform site conditions, and a collection of po-
pulations that widely differ in growth rate, biomass parti-
tioning and timing of growth cessation (Oleksyn et al.
1998; 1999a) offers a unique opportunity to address these
questions. We hypothesized that both stand productivity
and root carbohydrate concentration would be related to
the biological activity of microorganisms in the mineral so-
il horizon.

MATERIAL AND METHODS

Plant material and study site

In April of 1984, two-year-old seedlings from 19 popula-
tions of Scots pine were planted in a permanent site in the
experimental forest, Zwierzyniec, near Koérnik in central
Poland (52°15°N and 17°04°E). Seeds for that experiment
were collected in different European locations as a part of
an international collaborative experiment established under
the auspices of the International Union of Forestry Rese-
arch Organizations. Detailed information about this experi-
ment was presented elsewhere (Oleksyn 1988; Giertych
and Oleksyn 1992; Oleksyn et al. 1999a).

This site, of area about 0.5 ha, consists of seven blocks.
Every provenance was planted in three to seven replicated
plots per site (one per block), 7.2 m X 5.2 m (37.4 m?),
each with 48 plants (4 rows X 12 plants). The original spa-
cing was 0.6 m within and 1.3 m between rows, and origi-
nal stocking was 12834 trees ha'l. In 1994, two years prior
to the onset of the experiment, thinning was conducted lo-
wering the stocking to 4328 trees ha'!. The experimental
site was of average site quality for Scots pine in this re-
gion. The climate of the region is transitional, between ma-
ritime and continental. The average annual precipitation is
526 mm (523 mm in 1996 and 516 mm in 1997) and avera-
ge temperature is 7.7°C (7.1°C in 1996 and 9.1°C in 1997),
with a mean growing season length of 220 days, calculated
as the number of days with an average temperature > 5°C.
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Soils at this site are light sands and their chemical pro-
perties are as follows (Reich et al. 1994): pH water
5.840.2, sulphate 8+0.8 pg g!, P 168+5 pg g,
K 0.35+0.04 meq 100 g-!, Ca 3.59+0.31 meq 100 g'!, Mg
0.27+0.03 meq 100 g'! and cation exchange capacity
7.9310.18 meq 100 g'!. Foliar concentrations of all essen-
tial elements except Mg were in the adequate range for
Scots pine (Reich et al. 1994; Oleksyn et al. 1999b). On
average, foliage Mg concentrations in mature current-year
needles was from 0.6 to 0.8 mg g! dry mass, and thus lo-
wer than the 1-2 mg g'! reported as necessary for optimal
growth of Scots pine (Bergmann 1992).

Plots with six geographically diverse populations (in two
blocks) were selected for this study (Table 1). These popu-
lations were selected because they differed significantly in
a number of parameters including basal area, aboveground
standing biomass and net primary production (NPP) (Table
1, Oleksyn et al. 1999a; Oleksyn et al. 2000a).

Sampling and sample preparation

Soil core samples were collected between rows and
otherwise randomly located within the plot using a 15 cm
long, 4.7 cm diameter soil core sampler (Arts Mfg. & Sup-
ply, American Falls, Idaho, USA). After removing A hori-
zon, samples were taken from mineral soil 18 times (eight
in 1996, nine in 1997, and one in January 1998) at approxi-
mately monthly intervals. Sampling was limited to the pe-
riod of time when the ground was not frozen or covered by
snow. Previous studies conducted in this stand revealed
that the differences in proportional vertical root mass di-
stribution between different provenances were small and
statistically insignificant. On average between 81 and 85%
of fine root biomass was distributed in the 0-15 cm soil le-
vel (Oleksyn et al. 1999a). Thirty six soil cores (0-15 cm)
were sampled on any sampling date: three samples per
each of six populations from two different blocks (six re-
plicates per provenance).

In order to limit soil and root disturbance over the course
of the two-year period, samples were taken, by rotation,
from four of the seven blocks. In order to minimize possi-
ble daily fluctuations in root carbohydrates all samples we-
re taken at the same time of day, approximately 4-5 hrs
after sunrise. After collection samples were placed on ice
in a cooler for transportation to the laboratory (distance of
2 km) for further processing. Following core collection, so-
il samples for DHA were sieved at 2 mm sieve to remove
roots, sealed in plastic bags and stored at -5°C until used,

TABLE 1. The origin of seeds of Pinus sylvestris used in the study, number of trees, basal area and average aboveground net primary production (ANPP) and
biomass in 1997 at age 16. Provenances are ordered by latitude of origin. Climatic data were obtained from WorldClimate (http://www.worldclimate.com), or
provided by the participants of the SP-IUFRO-1982 experiment (see Oleksyn 1988 for details).

Mean annual

Population Country Lat. Long. Alt. Precipitation Temperature Growing season Trees, 1997 Basal area, 1997
no. N) (E) (m) (mm) °C) (days) (#ha'l) (m?ha'l)
15 Sweden 60.18 15.87 185 608 45 167 3701 10.9
3 Russia 58.83 29.12 80 616 5.0 174 3930 19.4
4 Latvia 55.75 26.67 165 619 5.4 189 5227 27.9
7 Poland 51.60 20.20 160 575 7.4 217 5266 34.7
Germany  49.50 8.50 97 645 9.6 240 4541 38.4
14 France 48.80 7.78 150 850 10.0 246 4184 27.5
Mean 4475 26.5
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i.e. up to 2 weeks. Refrigeration or freezing have been
shown to have a little effect on DHA, even after 3 months
of storage (Ross 1970). Roots were washed over 1 mm sie-
ves and manually separated from soil and roots of annual
plants, if necessary. There were no other tree species and
very few other plants present in the experimental plots. All
visibly dead roots were removed. Pine roots were then se-
parated into two categories: = 3 mm and > 3 mm in diame-
ter and oven-dried at 65°C for one week. Only the fine root
fraction was used for carbohydrates analyses.

Measurement of dehydrogenase activity of soil samples

DHA was measured by the tetrazolic method developed
by Thalman (1968) and modified by Rossel et al. (1997).
Soil samples (5 g), were incubated in 5 ml 0.5 M Tris buf-
fer, pH 8.0, containing 1% of 2,3,5-triphenyltetrazolium
chloride (TTC) as an electron acceptor, for 24 hours at
30°C in darkness. Suitable reference samples (1) soil + Tris
buffer, 2) TTC + Tris buffer) were analysed to eliminate an
influence of non-enzymatic absorbance. The 2,3,5-triphe-
nyltetrazolium formazan (TTF) resulting from enzymatic
reaction was extracted with 25 ml of 96% ethanol and mea-
sured spectrophotometrically at 480 nm. Enzyme activity
was expressed as nmol TTF g! dry soil 24 h'l.

Measurements of root nonstructural carbohydrates

Total nonstructural carbohydrate (TNC) concentrations
were determined using a modification of the method de-
scribed by Haissig and Dickson (1979) and Hansen and
Moller (1975). Sugars were extracted from oven-dried
(65°C) subsamples of root tissue powder in methanol-chlo-
roform-water, and tissue residuals were used for determi-
nation of starch content. Soluble sugars were determined
colorimetrically with anthrone-reagent at 625 nm within 30
min (Hansen and Meller 1975). Starch in the tissue residu-
al was then gelled and converted to glucose with amyloglu-
cosidase. Glucose concentrations were measured with glu-
cose oxidase by mixing of sample with peroxidase-glucose
oxidase-o-dianisidine dihydrochloride reagent (Haissig and
Dickson 1979). Absorbance was measured at 450 nm after
30 min. incubation at 25°C. Glucose concentrations were
calculated from standard curve linear regression equations.
Data are means of two replications from one composite
sample for each of two blocks sampled.

Statistical analyses

Statistical differences in soil DHA and root TNC among
populations were established using analysis of variance
(ANOVA). Hierarchical clustering of Scots pine provenan-
ces in response to DHA was made using Ward’s method.
Relationships between DHA, TNC and growth traits were
evaluated using correlation and regression analyses. All
statistical analyses were conducted using JMP software
(version 3.1.5, SAS Institute, Cary, NC, USA).

Results of DHA were compared with growth and bio-
mass measurements conducted at this site in 1997, when
diameter at breast height (DBH) of trees was measured be-
fore and after the annual diameter growth period, above-
ground biomass, aboveground net primary production
(ANPP) and leaf (LAI) and root (RAI) area index were cal-
culated. Details of sampling procedure and instrumentation
are presented elsewhere (Oleksyn et al. 2000a).
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RESULTS

The seasonal pattern of dehydrogenase activity (DHA) in
mineral soil was similar in two consecutive seasons (Fig. 1).
Highest microbial activity (from 14 to 17 nmol TTF g! dry
soil 24 h'!) was observed in spring (April-June) and in au-
tumn or early winter (October-January). In both years, the
least microbial activity (from 2 to 3 nmol TTF g'! dry soil
24 h'!) was observed in July. After reaching the lowest po-
int, DHA increased until the ground was frozen. Relatively
high activity was observed even in a mild winter (mid-Ja-
nuary, 1998; Fig. 1), when mean daily temperature was
~3°C and soil temperature at 10 cm 1.5°C.

30+

20

Temperature (°C)

70 -
’T> 60
1]
T 504
£
£ 404
§
T 20
=
o
a 91
FAJAODFAJAODF
lllllLlllllIIIillLLilll%ll

>
=2
S~
_

=
e =

N
© -~
[ —
a 2 pd
cC uw 0
o= iy
S 2
_cg S
>
£ Cc
O ~
a

Fig. 1. Seasonal variability of mean daily temperature (top figure), daily
precipitation (middle) and soil dehydrogenase activity in plots of six po-
pulations of Scots pine (Pinus sylvestris L.), and concentrations of non-
structural carbohydrates (TNC) in pine fine roots (bottom).

The ANOVA showed that the differences in DHA be-
tween sampling dates and between populations were both
statistically significant (p = 0.01). There was also a signifi-
cant sampling date X population interaction (p = 0.03).
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This interaction was due mainly to slightly higher DHA in
soils of northern populations (Sweden, Russia, Latvia) in
the first early-spring sampling date of 1996 (April 2, data
not shown). Later in that growing season and for all of
1997, dehydrogenase activity in soils of these populations
was significantly lower than the other three populations.

A similar pattern to those for DHA was observed for fine
root total nonstructural carbohydrates (TNC, defined as
a sum of soluble carbohydrates and starch; Fig. 1). In both
seasons TNC concentrations varied from 5 to 7% of fine
root dry mass in early spring and fall to 1-3% in July-Au-
gust (Fig. 1). Changes in the TNC concentrations were sta-
tistically significant for sampling dates (p < 0.0001) but
there were no significant differences between provenances
or the interaction of provenance x sampling time (p >
0.23). Greater seasonal variation was noted for starch than
for soluble carbohydrates, which changed only between 1
and 3% of root dry mass (data not show). Therefore, the
TNC pattern reflects mainly root starch dynamic. Temporal
variation in dehydrogenase activity increased linearly with
increasing fine root TNC concentration (Fig. 2).
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Fig. 2. Relationship between total nonstructural carbohydrate concentra-
tions (TNC) in fine roots (< 3 mm in diameter) and soil dehydrogenase
activity in six Scots pine (Pinus sylvestris L.) populations. Each point re-
presents a different sampling date in 1996-1998. An additional data on ro-
ot, needle and starch can be found in Oleksyn et al. (2000 b).

Among climatic factors, such as air temperature and pre-
cipitation only the sum of precipitation in the 10 days pre-
ceding sampling was significantly associated with DHA

134 ;

Dehydrogenase activity
(nmol TTF g 24h™)

Kieliszewska-Rokicka B. et al.

134
124 |
114

104

Dehydrogenase activity
(nmol TTF g™ 24h™)

7 . )
3,4,15 7,12, 14 populations
4.6tha'yr’ 7.9tha'yr'  ANPP

Fig. 3. Mean (+SE) activity of soil dehydrogenase (DHA) in rhizosphere
of six populations of Scots pine (Pinus sylvestris L.) in the provenance
plantation. Each group of provenances was distinguished by similar DHA
using a hierarchical clustering method (Ward’s) and correspond to diffe-
rences in the groups annual net primary production (ANPP).

(r? = 0.33, p = 0.01, data not shown). However, this rela-
tionship was mainly due to a negative effect of unusually
high rainfall in July of 1996 and late June 1977. For period
of 19 days preceding soil sampling, between July 6 and 25,
1996 the total precipitation sum was 156 mm (30% of an-
nual precipitation for that year).

Along with the seasonal pattern of DHA, there was also
a significant effect of tree population on microbial activity
(Figs 3 and 4). Cluster groupings based on variability of
soil dehydrogenase activity within all 18 sampling dates re-
vealed the existence of two groups of responses, with nor-
thern (nos. 3, 4, 15) and central (7, 12, 14) populations
(Fig. 3). The differences in DHA among these groups were
related to differences in annual above-ground net primary
production and other biometric indicators of productivity
of populations, such as leaf area index or needle and total
aboveground biomass (Fig. 4).
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Fig. 4. Soil dehydrogenase activity (DHA) in relation to needle biomass, total aboveground biomass and leaf area index (LAI) in six Scots pine (Pinus sy-

Ivestris L.) populations: Mean DHA based in two seasons average.



Vol. 72, No. 2: 167-173, 2003

DISCUSSION

Dehydrogenase activity (DHA) in soil is, in general, po-
sitively correlated with soil microbial biomass, as measu-
red via ATP (Domsch et al. 1979) or respiration (e.g. Ross
1973; Garcia et al. 1997). This enzyme activity, associated
with viable, proliferating microbial cells is considered a se-
miquantitative estimate of the total biomass of physiologi-
cally active soil microorganisms. We found that the seaso-
nal DHA was significantly related to changes in root car-
bohydrate concentration (Figs 1 and 2), and the average so-
il DHA (for two seasons) was related to tree population
productivity (Figs 3 and 4).

It is known that about 30% of carbon assimilated by the
aerial part of the plant, may be exuded by the root, and hi-
gher concentrations of carbohydrates in the rhizosphere can
stimulate the number of microorganisms per gram of soil
by two or three orders of magnitude higher than in the sur-
rounding soil (Garbaye 1991). Data presented in this study
support the idea that (1) in the mineral horizons of a soil,
the main substrate sources for microbial activity are carbo-
hydrates derived by roots than from aboveground input
(see also: Ruess at al. 1996), (2) deficiency of available
carbon substrates in the soil may be an important limiting
factor of dehydrogenase activity (Klein 1977; Rossel et al.
1997). Noticeable also is the rapid response of microbial
activity to changes in root carbohydrates.

The rapid response of microbial activity to changes in ro-
ot carbohydrates and the significant relationship between
fine root TNC concentration and soil DHA suggest that the
release rate of storage carbohydrate-derived materials is
a function of root carbohydrate reserve status. Both pat-
terns of root TNC and soil DHA, with spring and autumn
peaks, correspond to periods of active root growth in Scots
pine (Lyr and Hoffman 1967). Significant decrease of TNC
levels in roots from wet to dry season has been reported al-
so for some shrub species (Casenave et al. 1998).

Soil temperature and moisture availability are known to
control microbial biomass and activity that generally decre-
ase with increasing temperature and reduced soil moisture
content (e.g. Griffin 1981; Insam et al. 1989). In the pre-
sent study, the climatic signals related to soil microorga-
nism activity were substantially weaker than those related
to substrate supply mechanism. The expected positive rela-
tionship between soil or air temperature and DHA was ob-
served only from early spring to mid-summer, and cold
(but above freezing) temperatures in autumn and early win-
ter did not have any negative effect on soil dehydrogenase
activity (Fig. 1). Both sampling years were average in
terms of precipitation for that site, and the only signal of
precipitation effect on soil DHA was related to excessive
mid-summer rainfalls. This was especially visible in 1996
when 30% of annual precipitation occurred within less than
3 weeks preceding late July soil sampling. Soil DHA at
this sampling time, much lower than at any other time du-
ring the study, was likely a result of a negative effect of
high moisture on microbial activity (Fig. 1). Suppressed
microbial activity, measured via soil respiration, was also
recorded in the humus layer in the coastal Norway spruce
forest located along the Finish and Swedish coasts (Merila
and Ohtonen 1997) and in waterlogged soils on depres-
sions of lowlands (Fedorov-Davydov 1998). Laboratory in-
vestigations revealed reduced respiration rates of forest so-
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ils incubated under very low and very high soil moisture
contents (Londo et al. 1999). In the present study, relative-
ly fast recovery of DHA after high rainfall of 1996 indica-
ted that possible adverse effect of excessive precipitation
did not last longer than one month and was not responsible
for the entire temporal pattern of DHA.

Soil samples taken in the rhizosphere of the six Scots pi-
ne populations differed in their dehydrogenase activity
(Fig. 3). Influence of vegetation on microbial biomass and
activity has been reported by other authors, who found dif-
ferences in soil respiration between cropped and vegeta-
tion-free soils, between forested and cropped soils, betwe-
en grassland and cropped soils, between coniferous and
broad-leaved forested soils (see: Raich and Tufekciogul
2000). The present results indicated that average multi-sea-
sonal activity of soil microorganisms was affected by stand
biomass and productivity of different populations of one
coniferous species (Figs 3 and 4). However, more than th-
ree fold variation of aboveground biomass of the trees re-
sulted only in 20% difference in the soil DHA. The lack of
proportionality to above ground increase of microbial acti-
vity can be partially explained by the differences in below
ground biomass allocation among studied populations,
with northern populations having higher root weight ratio
(Oleksyn et al. 1992a, b; 1999a).

In summary, the results of our study indicate the existen-
ce of a pronounced seasonal pattern of mineral soil micro-
bial activity in a Scots pine stand. That pattern was signifi-
cantly related to annual variation of root nonstructural car-
bohydrates and largely overrides the effects of climatic va-
riation. Overall differences in soil microbial activity among
populations were significantly correlated with variation in
above ground biomass and productivity.
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ZALEZNOSCI MIEDZY STEZENIEM WEGLOWODANOW
W KORZENIACH ROZNYCH EUROPEJSKICH POPULACJI PINUS SYLVESTRIS
NA PLANTACJI PROWENIENCYJINEJ
A SEZONOWYMI ZMIANAMI AKTYWNOSCI MIKROORGANIZMOW GLEBOWYCH

STRESZCZENIE

Badania prowadzono w lesie doSwiadczalnym ,,Zwierzyniec” k. Kérnika, w drzewostanie sosnowym, ktdre
stanowi doSwiadczenie proweniencyjne z 19 europejskimi populacjami sosny zwyczajnej. Analizowano st¢zenie
weglowodanéw w drobnych korzeniach 15-16-letnich sosen pochodzacych z szesciu geograficznie oddalonych
populacji (Szwecja, Rosja, Lotwa, Polska, Niemcy, Francja) oraz aktywnos$¢ niespecyficznej dehydrogenazy
w glebie pobieranej z poziomu mineralnego (do 15 cm) pod okapem wymieniowych wyzej populacji. Aktywnos¢
enzymatyczna dehydrogenazy byfa wskaznikiem aktywnosci biologicznej mikroorganizméw glebowych. Stwier-
dzono sezonowe zréznicowanie aktywnosSci dehydrogenazy w glebie i istotng pozytywna zalezno$¢ migdzy ak-
tywnoscia tego enzymu w glebie, a stezeniem weglowodanéw w drobnych korzeniach sosen. Srednia aktywnos¢
dehydrogenazy glebowej byta, w ciagu dwéch sezonéw wegetacyjnych, istotnie wyzsza pod okapem sosen popu-
lacji pochodzacych z centralnej i potudniowej Europy niz pod okapem drzew populacji péinocnych. Istotna pozy-
tywna korelacja miedzy aktywnoscia dehydrogenazy i biomasg czes$ci nadziemnej drzew sugeruje, ze aktywnosc
biologiczna mikroorganizméw glebowych jest wynikiem réznic w dynamice alokacji wegla i produktywnosci po-
pulacji drzew.

SLEOWA KLUCZOWE: biomasa czgsci nadziemnej, gleba, aktywnos$¢ dehydrogenazy, korzenie, we-
glowodany rozpuszczalne, skrobia.
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