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Abstract

Acid sulfate soils (ASS) are naturally occurring soils or sediments formed under reducing conditions that either
contain sulfuric acid or have the potentail to form it, in an amount that can have adverse imapcts on the environ-
ment. The negative impacts of ASS are associated with the release of acidity produced and the release of toxic
metals and metaloids from solubulised soil matricies into the environment. It has been shown recently that addi-
tion to ASS of dead plant material as organic matter creates microenvironments for soil microbes to ameliorate
sulfuric soil and prevent sulfidic soil oxidation. Initial breakdown of the organic matter results in an oxygen
demand that generates anaerobic conditions conducive to the reduction of sulfate to sulfides by sulfate reducing
bacteria using the residual organic material as a carbon source and causing the pH to rise. There is also evidence
that live plants increase acidification, potentially by aerating the soil. In nature, plants shed dead material as they
grow, so that both live and dead organic matter co-exist. It is not known what happens to ASS chemistry, particu-
larly pH, under such natural conditions. In this study, Phragmites australis was used to examine the combined
effect of growing plants and incorporated organic matter on ASS chemistry (pH, redox potential and sulfate
content) under aerobic and anaerobic conditions. In almost all cases, live plants enhanced sulfuric soil acidity
and sulfidic soil oxidation. The mechanism for these changes on ASS chemistry appears to be the facilitation of
oxygen penetration into the soil via aerenchymatous tissues in the plant roots.

Keywords: Acid sulfate soils, organic matter, Phragmites, pH, redox potential, sulfate content

1. Introduction

In aerobic soils, cellular respiration of plant roots is 2001). Under anaerobic soil conditions, plants use
supported by oxygen that reaches the rhizosphere specialized aerenchymatous structures to transport
as soils get loosened by root growth (Tinh et al., oxygen from the shoots to support root respiration
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736 Michael et al

(Armstrong, 1979). The presence of oxygen in the root
zone of plants presents problems when there are ox-
idisable sulfides present because of the formation of
sulfuric acid (H,SO,). Under anaerobic, reduced soil
conditions, ASS pose no problem unless the oxidisable
sulfides are exposed and react with oxygen to form
H,SO, (Nordmyr ef al., 2008). Release of the H,SO,
in turn dissolves the soil matrices in which iron species
(Fe**, Fe*), aluminium (AP+) and other potentially
toxic contaminants (elements, metals or metalloids) are
held, which are released into the soil and water sys-
tems (Ljung et al., 2010; Ljung et al., 2009; Astrom et
al., 2007). Production and propagation of H,SO,, and
mobilisation and leaching of toxic contaminants are the
major processes through which ASS pose adverse eco-
logical impacts on the environment (Michael, 2013).
Acid sulfate soils are of two types: sulfuric soil with
pH<4 and sulfidic soil with pH>4 (Melville and White,
2012) when measured in water (soil: water solution
1:5, w/v) (Sullivan et al., 2010). In sulfuric soil, plants
with aerenchymatous tissues would facilitate oxygen
movement and maintain sulfuric soil acidity (Michael et
al., 2017). In sulfidic soil, excessive oxygen penetration
would lead to oxidation of oxidisable sulfides, generating
sulfuric acidity (Michael et al, 2012). Sulfuric soil
acidity has severe negative impacts on the general use
and management of the environment in which ASS are
present (Fitzpatrick et al., 2008; Michael, 2013). Of the
estimated 17—24 million ha of ASS (Simpson and Pedini,
1985; Ljung et al., 2009), 6.5 million occur in Asia, 4.5
million in Africa, 3 million in Australia, 3 million in Latin
America, 260 000 in Finland, 225 000 in Sweden and 100
000 in North America (Andriesse et al., 2006; Beucher ez
al., 2015), respectively.

In planted soil, turnover of organic matter and secre-
tion of organic substances influence microbial activ-
ity (Muhammad et al., 2016) and alter the chemistry
of soils (Shamshuddin ef al., 2004; Lin et al., 2017).

Several studies have shown that the addition of or-

ganic matter can ameliorate sulfuric soil and stabi-
lise the pH of sulfidic soil (e.g. Michael et al., 2015;
Michael et al., 2016; Jayalath et al., 2016). On the
other hand, Reid and Butcher (2011) found that live
plants increased acidification of sulfidic soil. Under
natural soil use and management conditions, plant
turnover adds decaying organic matter so that both
the live and dead plant material co-exist (Yan et al.,
1996). It was therefore interesting to see how the
combined effects of live and dead plant material
would influence the main chemical soil parameters
that characterise ASS: pH, Eh and sulfate content.

In this study, investigations on the changes in ASS
chemistry (pH, Eh and sulfate content) caused by ad-
dition of dead plant material was extended using a
common reed (Phragmites australis), which is often
found in inland and wetland soils (Marks et al., 1994).
It is known that Phragmites possesses aerenchyma
which could transport oxygen into the soil (Tornberg
et al., 1994) and cause problems, such as oxidation
of sulfidic soil. In addition, the plant has an extensive
rooting system and self-mulching effect due to rapid
turnover of organic matter (Dubey and Sahu, 2014),
making it ideal to assess the effects of co-existing live

plants and organic matter on ASS chemistry.

2. Materials and Methods

2.1. Soil

The origin of the ASS was described in Michael et al.
(2015;2016;2017). The sulfidic soil was collected from
a “sulfuric subaqueous clayey soil” (Fitzpatrick, 2013)
at a depth of approximately 1 m in the Finniss River
in South Australia (35°24°28.28”S; 138°49°54.37”E)
shown in Figure 1. Details on soil classification using
the Australian ASS Identification key and Soil Taxon-
omy (Soil Survey Staff, 2014) are given in Table 1 as

per Michael et al. (2016). In addition, a comprehensive
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list of references containing further information on the

soil morphology and geochemistry prior to rewetting
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(i.e. sites AA26.3 and FIN26) and after reflooding (e.g.

Baker et al., 2013) are given in the same table.
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Figure 1. Locality of samples from the Finniss River site at Wally’s Landing (Michael ef al., 2015).

Table 1. Classification of acid sulfate soil materials from the Finniss River used in the study as per Michael et al. (2016).

Previous
Soil Type! sampling Depth Sulfuric Soil Class” Australian ASS Sulfuric Soil Class’ Australian ASS
location (cm bgl) horizon®/Sulfidic classification key®  horizon®/Sulfidic identification key®
reference material® material®
Finniss River: Prior to rewetting (2009) Finniss River: Post rewetting (post 2010)
Sulfidic soil ~ FIN26 0-5 Sulfuric Hydaquentic Sulfuric cracking  Sulfidic Typic Sulfuric subaqueous
M3-42 5-17 Sulfuric Salfaquept clay soil Sulfidic Sulfowassept clay soil
FC10740° 17-40 Sulfuric Sulfuric clay soil
LF01-B* 40-60 Sulfuric Sulfuric
60-150 Sulfidi Sulfidic

'Soil type label used in this paper when this layer of sulfidic material is used to conduct soil organic matter experiments in 70
ml Falcon tubes.

2Sampling location label used in (Fitzpatrick et al., 2009).

3Sampling location label used in (Fitzpatrick et al., 2011).

4Sampling location label used in (Baker ef al., 2013).

’Acid sulfate soil horizon (Soil Survey Staff., 2014).

°Acid sulfate soil material (Soil Survey Staff., 2014).

"Currently no subgroup exists in Soil Taxonomy (Soil Survey Staff., 2014) that adequately describes these Finniss River soils fo-
llowing their rewetting. They are best described as subaqueous soils with sulfuric horizons or “Sulfuric subaqueous clayey soils”
in accordance with the Australian ASS classification key (Fitzpatrick ef al., 2008). Consequently, the following new proposal

is currently being submitted by Fitzpatrick and Grealish (personal communication) to USDA-NRCS to consider for inclusion

in revised versions of the Keys to Soil Taxonomy is: (i) a new suborder, which would be Wassepts, (ii) with the existence of
Wassepts suborder, a great group of Sulfowassepts will need to be proposed within the suborder and (iii) with a the existence of
Sulfowassepts great group, a subgroup of Typic Sulfowassepts will need to be proposed within the great group.

8Australian acid sulfate soil classification (Fitzpatrick ez al., 2008).
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738 Michael et al

The pH of the freshly collected sulfidic material mea-
sured in water 1: 5 (pH ) was 6.7 (Table 2) and the
water holding capacity was estimated to be 49%. The
residual organic matter content, estimated using the
weight loss-on-ignition method (Schulte and Hop-
kins, 1996) was 10.6%. The pH following peroxide

treatment (pH_ ) was 1.4. To manufacture “sulfuric

horizon material” by oxidising the sulfides, the sul-
fidic soil was spread thinly on plastic sheets and kept
moist until pH_ was less than 4. The manufactured
sample is henceforth referred to as “sulfuric soil”
(pH,_<4) and the freshly sampled sulfidic material as
“sulfidic soil” (pH >4) respectively, including the ini-

tial sulfate contents of the soils are given in Table 2.

Table 2. Descriptions of the soils from Finniss River used in the experiments.

Experiment No.

Descriptions 1 2 3
Sulfuric Sulfuric Sulfidic
soil soil soil

Initial pH,, 3.7 3.8 6.7

pHox 2.2 2.7 1.4

Initial sulfate-
content range
Experiment -

condition

21 - 32 umol g soil

Aerobic

12 — 16 pmol g™ soil

Anaerobic Anaerobic

Acid sulfate soil classification used in this paper is based on Australian Acid Sulfate Soil Identification key (Fitzpatrick ez al., 2008).

2.2. Organic matter and plantlets

To use as organic matter, the first three younger and
fully open leaves of P. australis were collected and
prepared as previously described (Michael et al.,
2016). All the leaves were chopped into pieces, air-
dried overnight under room temperature and then
oven dried at 60 °C for three days. The dry pieces
were finely chopped using an electric blender to
pass through a ~0.5 mm sieve. The nitrogen content
of the organic matter analysed by ICP-OES using a
0.5 g samples (n=3) was estimated to be 3.7%. The
carbon content can be approximated to be similar to
grass (leaf) clippings from the data in Kamp et al.
(1992). The Phragmites plants were initially raised as

shoots (plantlets) by rooting rock stocks in a rooting

medium (compost: sandy loam 2:1 w/w). The well-
rooted plantlets used in setting the experiments were
approximately 8—12 weeks old. In each treatment,
two plantlets each was transplanted which produced

multiple shoots throughout the experiment.

2.3. Experiments and treatments

Three experiments were conducted as described be-
low with P. australis (common reed) plants estab-
lished with organic matter incorporated in the soils
(80:1, soil: organic matter w/w) by bulk mixing. Bulk
mixing was done by weighing out the amount of soils
or organic matter needed using a portable scale at 80:1
(w/w), and thoroughly mixed in 20 L mixing troughs

using a spade. All the experiments were conducted in

Journal of Soil Science and Plant Nutrition, 2018, 18 (2), 542-555



Impact of common reed and complex organic matter on the chemistry 739

50 cm tall (9 cm in diameter) stormwater tubes whose
bottom ends were tightly capped. In all the tubes,
the bottom 22 cm was filled with sand and the top
22 cm with 1300 g of the ASS. The ASS used in all
the experimental treatments was also weighed to add
the exact amount in each tube. Treatments of all the
experiments were replicated three times and set out
in a complete randomized design under glasshouse
conditions in polythene crates. In all the treatments,
measurements were made only from the top 22 cm
of ASS.

Although the ‘aerobic treatments’ were regularly wa-
tered daily with approximately 100 ml of tap water, it
was probable that the moisture was unevenly distrib-
uted over time, with the upper parts being aerobic and
the lower parts of the profile becoming waterlogged.
The anaerobic treatments were always under flooded
conditions with adequate amount of water ponding on
the surfaces by regular addition of water (once in the

morning and in the evening).

2.4 Measurements

Changes in redox potential (Eh), pH and sulfate
content were measured from the surface (0—2 cm),
middle (5—10 cm) and deep (15—20 cm) profiles as
described previously (Michael, 2015). Sulfate con-
tent was quantified using soil samples obtained from
the three profile depths. Redox was measured using
a single Ag/AgCl reference and platinum (Pt) elec-
trode combination using an automated data logger.
To measure the Eh, a handheld electric drill, with a
drill bit head the size of the Pt electrode was used to
make holes through the tubes with care taken to avoid
disturbing the soil. The Pt electrode was inserted
in the holes made using the electric drill and refer-
ence electrode inserted into the soil from the surface.
This was allowed to equilibrate for 10 min and then

Eh measured at 1 min intervals for the next 10 min

and averaged (Rabenhorst et al., 2009). These values
were corrected for the reference offset to be relative
to the potential of a standard hydrogen electrode by
adding 200 mV (Fiedler et al., 2007). The stability
and accuracy of the electrodes were maintained as per
Fiedler et al. (2007). pH was measured using 2 g soil
(1:5, soil: water) with a pre-calibrated Orion pH meter
(720SA model).

To quantify the root biomass, the tubes were marked
out at 0—2, 5—10, and 15—20 cm, the profiles from
which the changes in Eh, pH and sulfate content in the
presence of plants were measured, and cut into small
sections. Soil from these sections were placed in a sieve
(0.05 mm) and held under a gentle running tap water
and the soil carefully broken up to free the roots us-
ing the aid of forceps. The loose soil particles were al-
lowed to drain through but the roots, those that were
trapped by the sieve and got floating during washing
were collected. These roots were taken, gently washed
again to remove soil material, placed in weighing boats
and oven dried for 48 hrs. The dry weights were taken
by weighing and weights of the replicates were pooled,
averaged and kept as the final data.

Sulfate was extracted according to the method of
Hoeft et al. (1973) for soluble soil sulfate. Replicate
samples (0.5 g each) were placed in tubes with 1.5 ml
of an extraction solution (0.2 g CaH,PO,, 12 g gla-
cial acidic acid, and 88.5 g deionised water). After 30
min, soil was sedimented by centrifugation for 5 min
and duplicate aliquots from the three replicates were
transferred into 4 ml cuvettes and diluted with 1.5 ml
of the extraction solution. The samples were mixed
with 0.7 ml of 0.5 M HCl and 0.7 ml of 0.1 M barium
chloride-polyethylene glycol reagent was added and
mixed again. After 10 min, the samples were mixed
again and the absorbance read at 600 nm using a spec-
trophotometer. The readings were compared to a stan-
dard solution of 0—2 mM Na,SO, (Michael, 2015).

The initial sulfate content of the sulfuric and sulfidic
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soils respectively ranged between 21—32 + 0.01 and
12=16 + 0.02 pmol g Lsoil.

In order to help interpret the changes in pH in relation
to the changes in Eh, an Eh-pH range for surface envi-
ronment is shown in Figure 3 and the approximate Eh
range at which microbial reduction of sulfate occurs
under various soil conditions is shown in Figures 2,

respectively (Fiedler et al., 2007).
2.5 Statistical analysis

The Eh values obtained over a 10 min period were
averaged and a treatment average obtained by taking
the mean of the three replicates. Similarly, treatment
average pH and sulfate content were obtained by tak-
ing the mean of the three replicates. To compare the
treatment means, significant differences (P<0.05)
between treatments means of each profile was de-
termined by two-way ANOVA using statistical soft-
ware JMPIN, “AS Institute Inc. SAS Campus Drive,
Cary, NC, USA 27513”. If an interaction between the
treatments and profile depths was found, one-way
ANOVA with all combination was performed using
Tukey’s HSD (honest significant difference) and pair-

wise comparisons.
3. Results and Discussion

3.1. Effects of Phragmites plants on the chemistry of
sulfuric soil

Experiment 1: This experiment examined the chang-
es in ASS chemistry induced by plants on sulfuric
soil with incorporated organic matter under aerobic
conditions (regular watering) in tubes without bot-
tom drainage. From the Eh profile of the control soil
(Figure 4c) it is clear that the soil remained aerobic
down to at least 10 cm but increasingly anaerobic at

greater depth, conditions that would favour sulfate

reduction. The pH increases down the profile (Fig-
ure 4b) are consistent with this. In the treatment with
both added organic matter and roots, the pH at the
surface was notably higher than the control but de-
creased down the depth (Figure 4b), which correlates
with both increased root mass (Figure 4a) and the
maintenance of aerobic conditions even at depth. In
both treatments there were significant reductions in
sulfate content, which would be expected to occur
where pH increases are observed, as occurred here
(Figure 4d).

Experiment 2: The second experiment examined the
effects of plants on soil chemistry in sulfuric soil with
incorporated organic matter under anaerobic (flooded)
conditions. The anaerobic conditions at all depths in
the control soil (Eh near or less than 0 mV) resulted
in pH increases of around 2 units (Figure 5c). In the
planted treatment, the root biomass was greater to-
wards the surface (Figure 5a). Compared to the con-
trol, Eh was much higher and pH significantly more
acidic (Figure 5b). Again, there were large reductions
in sulfate content in both treatments, consistent with

the increasing pH (Figure 5d).

3.2. Effects of Phragmites plants on the chemistry of
sulfidic soil

Experiment 3: This study assessed the impact of or-
ganic matter and live plants on neutral sulfidic soil
under conditions similar to those described for Ex-
periment 2. In the control soil, the Eh (Figure 6¢)
was highly reduced and becoming more negative at
depth. These changes correlate well with the observed
increase in pH down the profile (Figure 6b). In the
planted treatment, roots were evenly distributed (Fig-
ure 6a), and the Eh remained significantly higher than
the control soil, consistent with the lower pH (Figure

6¢). The sulfate content of the control soil was mark-
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edly lower than in the planted soil, and roughly cor-
relates with the differences in pH (Figure 6d).

Acid sulfate soils can have adverse impacts on the en-
vironment unless carefully managed (Michael, 2013).
The two most common management strategies are ei-
ther to neutralise the sulfuric (actual) acidity by appli-
cation of mineral lime, or to prevent sulfidic soil (that
has the potential to form sulfuric soil) oxidation by
surface and ground water management (Baldwin and
Fraser, 2009). Under general soil use and manage-
ment conditions, application of lime to manage sulfu-
ric acidity is considered expensive taken into consid-
eration the area of land to be treated (Shamshuddin et
al., 2004), and keeping sulfidic soil flooded to prevent
oxidation is not desirable as very few crops can be
cultivated under flooded soil (Hanhart et al., 1997).
In trying to establish alternative management strate-
gies, we recently showed that addition of organic
matter in the form of chopped Phragmites leaves ef-
fectively increases the pH of sulfuric soil and prevents
sulfidic soil oxidation (Michael et al., 2016). It was
not clear from those studies, whether the observed
increases in pH could be sustained if living plants
were also present. The limited data from Reid and
Butcher (2011) showed that significant acidification
could result from the growing of roots of Phragmites
into sulfidic soil. The acidification of the sulfidic soil
resulting from oxygen pumped into the rhizosphere of
the Phragmites plants through the specialised paren-
cymatous tissues (Marks et al., 1994). The formation
(genesis) of sulfuric acid from sulfides exposed to
oxygen is essentially an abiotic inorganic chemical

oxidation process (e.g. Lin et al., 2000):
FeS, + 3% 0, + 3%H,0 - Fe(OH); + 4H* + SO,°~

Equation 1

At very acidic pH (<3), this reaction can be acceler-

ated by bacteria such Acidothiobacillus ferrooxidans

(Valdés et al., 2008). The reverse process, reduction
of sulfate to sulfides, occurs naturally very slowly, but
is greatly accelerated by sulfate reducing bacteria in
the absence of oxygen and with sufficient organic car-
bon and nitrogen for metabolism according to equa-
tion 2 (Bloomfield and Coulter, 1973).

Fe,0; + 4502~ + 8CH,0 + % 0, » 2FeS, + 8CHO,_ + 4H,0

Equation 2

Sulfur-reducing bacteria grow optimally around pH 6
but are still able to reduce sulfate at appreciable rates
down to at least pH 3 (Luo et al., 2017).

The growth experiments demonstrated that Phrag-
mites is very adaptable in terms of its ability to grow
in soils of variable pH and variable oxygen avail-
ability (Figures 4-6). In the experiment described in
Figure 4, the initial pH was close to 4, a level of acid-
ity that would challenge most plants. Biomass actu-
ally increased with depth, where the control soil Eh
was close to 0 mV. The most obvious impact of the
roots on the soil was in the difference in Eh, with the
planted soil remaining aerobic throughout the profile
(Figure 4c). Clearly this can only occur if access to
atmospheric oxygen is retained (Armstrong, 1979).
In non-flooded soil, the root growth itself could ex-
ert a loosening effect, creating channels for oxygen
diffusion (Michael et al., 2017). Perhaps more likely
though, is oxygen diffusion down the channels inside
the root created by aerenchymatous tissues (Marks
et al., 1994; Michael et al., 2016). The fact that high
Eh was also observed under flooded conditions (e.g.
Figure 5b) especially within the surface soils tends
to favour the idea that aecrenchyma are the primary
pathway of oxygen to the rhizosphere (Tornberg et
al., 1994). It is important to note that the Eh is prob-
ably more representative of the bulk soil rather than
the soil immediately in contact with the root where the

actual Eh values may be considerably higher.
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In sulfuric soil, plants did not actually increase the
acidity, they simply did not increase the pH as much
as in the unplanted treatment. In sulfuric soil flooded
with tap water and with incorporated organic matter
alone, Michael et al. (2016) demonstrated pH increas-
es from less than 4 to 7.5. By comparison, the combi-
nation of organic matter and live plants only increased
the pH from round 4 to 5.6 (Figure 4b). Except in
the upper profile of the sulfuric soil under aerobic
(non-flooded conditions), the pH of both the sulfuric
(Figure 5b) and sulfidic (Figure 6 b) soils containing
growing plants was always more acidic than the
bare control soil. This can be caused by plant roots
cracking the soil which facilitated oxygen penetra-
tion, in addition to the oxygen pumped into the soil
by the aerenchyma pathway (Michael et al., 2017).
Under flooded conditions, the lower pH was con-
sistently correlated with a higher Eh in the planted
treatment (Figures 5 and 6). This was also true for
the control soils where the lower Eh correlated
with a higher pH. These results are consistent with
previous findings where reduced soil conditions of
low Eh (Figure 4) resulted in higher pH and lower
sulfate contents (Michael et al., 2015, 2016), con-
firming that sulfate reduction occurs under reduced
soil condition (0 — -100 mV), increasing the soil
pH (Lin et al., 2003; Johnson and Hallberg, 2005).
In sulfidic soil under flooded conditions, the pH
changes were small with a slight alkalinisation (in-
crease in pH) observed in the control and a slight
acidification when plants were present (Figure 6).
The dominating effect here appears to be the low
Eh created by the flooded conditions which pre-
vented significant oxidation (Michael ez al., 2015).

Nevertheless, the differences in Eh between the

treatments could explain the differences in pH as
shown in Figure 3, and the greater decrease in sul-
fate concentration in the control, where the lower
Eh would favour sulfate reduction as per Figure
2. One factor that has not been considered in this
study is the effect of oxidation on reduction of Fe,
processes that would also affect Eh and potentially
the changes in states of sulfur compounds in the
soil (Li et al., 2012).

In all the experiments shown in Figures 4-6, al-
most all the results tend to agree with the Eh-pH
range of surface environments (Figure 2) and re-
dox range of microbial reduction of sulfate (Figure
3). In the control treatments with no plants either
under aerobic or anaerobic conditions, soil profiles
with acidic, oxidising conditions resulted in high
sulfate content (e.g. Figure 4), whereas profiles
with basic, reducing conditions resulted in lower
content of sulfate (Figures 5 and 6). In the planted
treatment under aerobic conditions, soil profiles
of higher root mass resulted in acidic, oxidising
conditions with high sulfate content (Figure 4),
whereas under anaerobic conditions, no clear rela-
tionship is established between the root mass and
the soil chemical properties or between the pH,
Eh and sulfate content measured (Figures 5 and
6). The main reason for this being that the acidic,
oxidising soil conditions (Eh <300 mV, Figure 3)
created by the oxygen pumped into the rhizosphere
of the soil via the arencyma pathway (which would
have resulted in an acidic, oxidising soil condi-
tions) were consumed by the reduction reactions of
the anaerobic condition created by the continuous
flooding (Michael et al., 2012, 2015; 2016).
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Figure 2. Approximate redox ranges for microbial energy metabolism for different electron acceptors.
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Figure 3. The Eh-pH range in surface environments showing four redox classes: (i) acidic-oxidising, (ii) basic-
oxidising, (iii) acidic-reducing and, (iv) basic-reducing (adapted with slight modifications from (Krauskopf, 1967)
as per (Delaune and Reddy, 2005; Poch et al., 2009). The lower and upper Eh limits are shown by the red dotted

lines. The purple dotted line shows the break between an aerobic and anaerobic condition (Fiedler et al., 2007).
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Figure 4. (a) Fresh weight of Phragmites roots at
different depths and their effects on (b) pH, (c) redox
and (d) sulfate contents of sulfuric soil with organic
matter maintained by regular watering for 12 months
(closed symbols), compared to control soil with no
plants and organic matter (open symbols). Values are
means =+ s.e. of three measurements (n=3). The dotted
line is the initial pH. An asterisk indicates significant
difference (P<0.05) between treatment and control at

the same depth.
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Figure 5. (a) Fresh weight of Phragmites roots at
different depths and their effects on (b) pH, (c) redox
and (d) sulfate contents of sulfuric soil with organic
matter maintained under anaerobic (flooded) condition
for 12 months (closed symbols), compared to control
soil with no plants and organic matter (open symbols).
Values are means =+ s.e. of three measurements (n=3).
The dotted line is the initial pH. An asterisk indicates
significant difference (P<0.05) between treatment and

control at the same depth.
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Figure 6. (a) Fresh weight of Phragmites roots at dif-
ferent depths and their effects on (b) pH, (c) redox and
(d) sulfate contents of sulfidic soil with organic mat-
ter maintained under anaerobic (flooded) conditions
for 12 months (closed symbols), compared to control
soil with no plants and organic matter (open symbols).
Values are means =+ s.e. of three measurements (n=3).
The dotted line is the initial pH. An asterisk indicates
significant difference (P<0.05) between treatment and

control at the same depth.

4. Conclusions

The management implication is that Phragmites is a
vigorous plant capable of growing in aerobic soil and
also partially submerged. It is commonly associated
with both inland and coastal ASS. Results from recent
studies suggested that slashing large stands of Phrag-
mites to provide surface mulch or to integrate dead
shoot material into ASS would be a realistic strategy
to increase the pH of sulfuric soil and to reduce or
prevent acidification of neutral sulfidic soils. The re-
sults presented here however are consistent with our
recent findings, indicating that the growth of roots of
live plants has an acidifying effect and may negate
the positive impacts of the dead organic matter. More
work needs to be done to determine how the balance
between alkalinisation by dead organic matter and
acidification by live plants is influenced by the rela-
tive rates of organic matter addition and the density of
growing plants. The other concern is that even if the
Phragmites shoots were removed at ground level, the
existing culms may still provide a conduit for oxygen
diffusion into the deeper soil layers. The suitability of
this strategy is also challenged by the fact that the effi-
cacy of organic amendments is predicated on the need
to keep the soil as anaerobic as possible to prevent
sulfide oxidation, a condition that is not conducive to

most types of agriculture.
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