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Sea-water level rise leads to increased saltwater intrusion causing soil salinity on arable

land with negative effects on soil microbial processes. Organic amendments are known

to reduce the effects of salinity on soil microorganisms, therefore positively influencing

microbial activity and nutrient cycling. However, the extent of this effect in paddy rice soils

under aerobic compared to anaerobic conditions is unknown. Consequently, benefits

of organic matter addition on carbon (C) and nitrogen (N) mineralisation under saline

conditions were evaluated in a short-term laboratory incubation experiment. Two soils

from Bangladesh were incubated with rice straw, manure or a manure-rice straw mixture

at 50 and 100% water holding capacity (25◦C, 27 days). In addition, NaCl was added

to half of the samples, which resulted in a set of non-saline (ECe = 1.1–1.3 dS m−1)

and saline (ECe = 24.0–32.4 dS m−1) soils. Soil respiration (CO2-release) was measured

throughout the experiment. At the end of the experiment, dissolved organic C, inorganic

N, microbial biomass as well as bacterial, archaeal, and fungal domains were determined.

Overall, effects of substrate addition overruled effects caused by salinity and water

content. Microbial activity and biomass in particular fungi increased most strongly after

rice straw addition and resulted in N immobilisation independent of moisture level.

Rice straw and manure alleviated the effects of salinity on microorganisms; these were

therefore mainly detectable in the non-amended soils. The reason for this is likely a higher

C availability for soil microorganisms after amendment of organic materials, which allows

them to produce osmolytes, counteracting the osmotic effects of increased salinity.

However, the microbial communities of the two soils under investigation showed different

response patterns to salinity reflected by a substantially higher fungi-bacteria ratio in soil

B prone to salinity at 50% WHC as compared to soil A. Likewise, the metabolic quotient
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was higher in soil B and not affected by any of the short term treatments, revealing a

soil legacy. Our results highlight the importance of organic amendments, such as rice

straw to paddy soils under saline conditions to reduce negative effects on soil microbial

processes, allowing them to maintain their major functions.

Keywords: microbial activity, microbial community composition, mineralisation, nitrification, organic

amendments, osmotic stress, residue management, salinity

INTRODUCTION

Soil salinization is a regionally or locally important process of
soil degradation resulting in temporal or permanent loss of
arable land, mainly because increasing salt content results in
reduced plant growth of crops. Even though there is considerable
variation in the extent of soil salinity (Luedeling and Wichern,
2007), about 20% of the world’s cultivated land and 50% of the
arable land are affected to a certain extent by salinity (Flowers
and Yeo, 1995). Soil salinity is caused by natural processes,
i.e., primary salinization or is the result of human activities,
i.e., secondary salinization, occurring in irrigated as well as in
rain-fed dryland agriculture.

Many of the future challenges of food production caused
by climate change, such as a rising sea-water level leading to
increased saltwater intrusion causing soil salinity can be found
in Bangladesh. Especially the coastal area is largely affected
(about 50%) by different degrees of salinity (Haque, 2006). The
pronounced dry and rainy seasons, which result in temporal
accumulation of salts in the soils, contribute to this problem, even
further away from the coast.

Rice is the major staple food in Bangladesh and cultivated
on large areas in paddy systems, often affected by soil salinity.
Solutions tomaintain rice production under salt stress conditions
are necessary, where cropping of salt tolerant rice varieties is
one option. However, soil salinity may affect not only plants but
also the soil microorganisms responsible for nutrient cycling.
It is known that soil salinity is a severe stress to the living
components of ecosystems by increasing the osmotic pressure
on cells and reducing water availability (Killham and Firestone,
1984; Schimel et al., 1989; Borken and Matzner, 2009; Mitran
et al., 2017). Paddy systems are characterised by periods of water
saturation and periods of aerobic conditions, which can be both
affected by salinization. However, after flooding the paddy field,
water saturation might result in a dilution of accumulated salts.
Later, when water is lost from the system, salt accumulation most
likely also increases in a paddy system. It is known that soil
microorganisms are affected by both, increased soil salinity and
reduced oxygen availability.

Soil salinity is a major threat to soil microorganisms, strongly
altering soil organic matter turnover and nutrient recycling
(Wichern et al., 2006; Chowdhury et al., 2011; Setia et al., 2011;
Rath and Rousk, 2015; Leogrande and Vitti, 2019). Salt effects
on soil microorganisms and biogeochemical processes have been
repeatedly studied for more than 40 years (Laura, 1974; Rietz and
Haynes, 2003; Sardinha et al., 2003; Wichern et al., 2006; Khan
et al., 2008). The clearest effects were observed for microbial

activity parameters, such as respiration, N mineralization, and
enzyme activity, which usually decreased with increasing salinity
(Laura, 1974; Pathak and Rao, 1998; Rietz and Haynes, 2003;
Wichern et al., 2006; Rath and Rousk, 2015). Less consistent were
the salinity effects on the soil microbial biomass and microbial
community composition (Wichern et al., 2006; Rath and Rousk,
2015; Iqbal et al., 2016). Often microbial biomass is not altered in
the short term (Rath and Rousk, 2015). Inconsistent effects were
observed on the response of fungi to salinity (Wichern et al., 2006;
Rath and Rousk, 2015; Iqbal et al., 2016; Leogrande and Vitti,
2019).

One method for decreasing negative salinity effects is the
incorporation of organic materials into soil (Luedeling et al.,
2005; Wichern et al., 2006), due to their beneficial effects on
soil physical, chemical, and biological properties (Wichern et al.,
2006; Iqbal et al., 2016; Chahal et al., 2017; Leogrande and Vitti,
2019). The positive biological effects are most likely caused by
the positive effect of available carbon (C) derived from the added
organic matter to microbial cells allowing their adjustment to
osmotic stress by producing osmolytes, which counteract osmotic
stress (Killham and Firestone, 1984; Schimel et al., 1989;Wichern
et al., 2006). Moreover, crop residues are decomposed by soil
microorganisms and thus contribute substantially to nutrient
availability in the soil, especially, when external input is low.
The decomposition of crop residues and organic amendments is
largely determined by the presence of soil microorganisms and
optimal conditions for their activity, such as temperature and
sufficient oxygen for heterotrophs.

Many short-term experiments investigating the effect of
elevated salinity on soil microorganisms have been carried out
under aerobic conditions. Here plant residues were added as a
means to provide available substrate to the soil microorganisms.
The added substrates often resulted in alleviation of the negative
effects of salinity, when providing easily available energy and
nutrient sources for the soil microorganisms (Wichern et al.,
2006). When substrates of lower availability to microorganisms
were added, the effects of salinity remained more pronounced
(Iqbal et al., 2016). Consequently, the question arises, if addition
of organic amendments and crop residues are means to reduce
the negative effects of soil salinity on the microbial driven
mineralisation processes in paddy rice soils, where conditions
are temporarily anaerobic and thus potentially adding additional
stress to part of the microbial community. Therefore, our
objectives were to evaluate the effects of organic matter addition
of different inherent quality (manure, rice straw) on C and
N fluxes under saline conditions, and to evaluate the effect
of anaerobic vs. aerobic soil conditions on salinity effects
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on soil microbial activity, microbial biomass and microbial
community composition.

We hypothesized, that (i) rice straw as a source of easily
available C allows soil microorganisms to better respond to
osmotic stress caused by soil salinity addition, thus maintaining
their functionality, that (ii) rice straw supports fungi also under
saline conditions, and that (iii) anaerobic conditions add another
stress to soil microbial communities in paddy rice soils, which
results in reduced microbial activity and biomass in particular
under saline conditions.

MATERIALS AND METHODS

Properties of Soils and Organic
Amendments
Composite field moist paddy rice soil samples (0–15 cm depth)
were collected in May 2015 at 15 locations from two farmers’
fields in Bangladesh in Mymensingh (soil A) and Nalitabari
(soil B), which are situated in an area characterized by rice-
based arable farming systems. Mymensingh is situated in the
“Old Brahmaputra Floodplain” and Nalitabari in the “Northern
and Eastern Piedmont Plains.” To the best of our knowledge,
both sites have not experienced soil salinization before. The
climate in the region is a typical tropical monsoonal climate
with temperature and rainfall peaking during the Kharif season
(April until September) and scanty rainfall with substantially
lower average temperature during the Rabi season (October until
March). Average annual rainfall is 2,220mm with a peak in July
and August. The average annual temperature in the region is
25◦C. At the time of sampling soils were non-saline with an
electrical conductivity in the extract of the water saturated soil
(ECe) of 1.0 dS m−1 in soil A and 0.5 dS m−1 in soil B. Field-
moist soil was gently mixed, air-dried and ground to pass a 2mm
sieve prior to pre-incubation and soil analyses. Soil A had a higher
clay content (24%) and a higher pH (7.1) compared to soil B
(14% clay, pH = 5.0) with comparable sand content (28 and
22%). Salt addition significantly reduced each soil pH, which was
especially pronounced in soil A and substrate addition induced a
slight pH increase, in particular in soil B (Table S1). Increasing
the soil water content from 50 to 100% of the water holding
capacity (WHC) resulted in a slight but significant increase in pH
in all soils. Soil organic carbon (SOC) content was 12.3mg g−1

soil in soil A and 12.7mg g−1 in soil B. Soil microbial biomass
C content was 543 µg g−1 soil in soil A and 226 in soil B µg
g−1 soil.

Rice straw samples were collected from the rice field in
Mymensingh during harvest, dried at 60◦C until constant weight
and then ground in a grinding mill to pass through a 2mm sieve.
The straw sample was stored in paper bags until analyses and use
in the incubation experiment. Its dry matter had 40% C, 0.5% N
(C:N ratio= 80), 0.12% phosphorus (P), 1.5% potassium (K) and
0.04% sulphur S. Well–decomposed manure (cow dung) with a
C:N ratio of 24 (25.4% C, 1.05% N), a total P, K, and S content
of 0.47, 0.75, and 0.25, respectively, was collected from the same
farm, dried, mixed and sieved (2mm) for further analyses and
use in the incubation study.

Experimental Set-Up
To investigate the salinity effects on C and N mineralisation, an
incubation experiment was set up using the two soils. Briefly, soil
samples (95 g dry weight basis) were weighed into 500ml stopper
Pyrex bottles and treated with or without 15mg NaCl g−1 soil.
Median values of ECe in the control treatments were 1.3 dS m−1

for soil A and 1.1 dS m−1 for soil B. In soil A, after salt addition
the median was 25.8 dS m−1 at 100% WHC compared to 32.4
dS m−1 at 50% WHC. In soil B after salt addition the median
was 24.0 dS m−1 at 100% WHC compared to 26.4 dS m−1 at
50% WHC. The requisite amount of salt was added dissolved in
the water required to raise and maintain the gravimetric water
content either to aerobic conditions (50%WHC) or to anaerobic
conditions (100%WHC). As a consequence of the different water
contents, ECe was lower in the 100%WHC treatments compared
to 50% WHC especially where salt was added. In addition to
salt addition and the two different soil moisture levels, organic
amendments were added to half of the samples. Rice straw and
manure, both were added at 2.8mg g−1 soil. A third organic
matter treatment consistent of both, rice and manure applied at
the rates given above. The organic amendments were thoroughly
mixed into the soil. After that, samples were pre-incubated in
a thermostatic cabinet for 7 days at 25◦C in the dark to re-
activate the microbial community as the soil was very dry at
times of sampling. All treatments consisted of four replicates and
were randomly distributed in the incubation cabinet. After pre-
incubation for seven days, all samples were aerated and incubated
again for 27 days. At the end of the incubation experiment,
subsamples of each treatment were analysed for soil microbial
biomass C and N, dissolved organic C and N, and inorganic N.

Determination of Soil Chemical and
Physical Properties
Particle size distribution of the soils was determined using a
pipette method (Gee and Or, 2002). The pH of the soil was
determined before and after the incubation experiment using
a soil-to-water ratio of 1:5. Electrical conductivity (ECe) of the
original soils was measured in the extract of a water saturated
soil paste according to Ryan et al. (1996) and using a 1:5
soil-to-water ratio (EC1 : 5). After incubation, the EC1 : 5 was
determined in all samples using a 1:5 soil-to-water ratio and the
ECe was calculated based on the EC1 : 5/ECe ratio of the original
soils. Total soil C was calculated based on the organic matter
content determined from loss on ignition after combustion at
550◦C for at least 3 h. The K2SO4 extracts of the non-fumigated
samples from microbial biomass determination (see below) were
analysed for extractable organic C, which was defined as dissolved
organic C (DOC). Additionally, nitrate-N (NO−

3 -N), nitrite-N
(NO−

2 -N) and ammonium-N (NH+
4 -N) were determined in these

extracts using an Autoanalyser 3 continuous flow system (SEAL
Analytical GmbH, Norderstedt, Germany).

Determination of Soil Microbial Properties
To determine microbial activity, on days 3, 6, 15, 21, and
27 of the incubation experiment, carbon mineralisation was
determined as soil respiration, which was measured using
alkaline traps (Anderson and Domsch, 1990). The evolved CO2
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was captured in 0.5 M NaOH and titrated with 0.1 M HCl after
addition of 5ml M BaCl2 using a Titroline R© 6,000 automatic
titrator (SI Analytics, Mainz, Germany). The CO2-C (µg g−1

soil) produced was calculated by subtracting the values of the
samples from the mean blank values. The organic amendment
(manure, rice straw, rice straw-manure) derived CO2-C (% of
substrate-C) was estimated by subtracting the soil respiration
of the control treatments from the respiration in the respective
treatment with organic amendments and dividing it by the
amount of C added with the substrate. Further, net microbial N
mineralisation or immobilisation was determined by subtracting
inorganic N values of the original soils before incubation from
the inorganic N values at the end of the incubation. Positive
values indicated net N mineralisation, whereas negative values
showed net N immobilisation or N losses, the latter especially
under anaerobic conditions.

Soil microbial biomass C (MBC) and N (MBN) were
determined in moist subsamples at the end of the incubation
experiment using the chloroform fumigation extraction method
(Brookes et al., 1985; Vance et al., 1987). About 10 g (on an
oven-dry basis) of soil were fumigated for 24 h at 25◦C with
ethanol-free chloroform (CHCl3). Following the removal of
CHCl3, the sample was extracted with 40ml 0.5M K2SO4 for
30min by horizontal shaking at 200 rev min−1 and filtered
through a folded filter paper (VWR 305, particle retention:
2–3µm). At the same time an identical non-fumigated (10 g)
soil sample was extracted similarly. Organic C and total N in
the extracts were measured using a multi N/C 2100S analyser
(Analytik Jena AG, Jena, Germany). MBC was calculated as
EC/kEC, where EC = (organic C extracted from fumigated
soils)—(organic C extracted from non-fumigated soils) and kEC
= 0.45 (Wu et al., 1990). MBN was calculated as EN/kEN,
where EN = (organic N extracted from fumigated soils)—
(organic N extracted from non-fumigated soils) and kEN =

0.54 (Brookes et al., 1985).
The ergosterol content after incubation as an indicator of

saprotrophic fungi was measured according to Djajakirana et al.
(1996). Briefly, 2 g moist soil were extracted with 100ml ethanol
for 30min by oscillating shaking at 250 rev min−1 and then
filtered (Whatman GF/A). Ergosterol determination was carried
out using a reversed-phase HPLC analysis at 26◦C, using a
125mm × 4mm Sphereclone 5µm ODS II column with a
Phenomenex guard column (4mm × 3mm). Chromatography
was performed isocratically with methanol (100%) and a
resolution of detection of 282 nm (Dionex UVD 170 S).

Total genomic dsDNA (from now on DNA) was extracted
from 0.5 g of soil sample using FastDNATM SPIN Kit for Soil
and FastPrep R©-24 bead-based homogenizer (both MP Bio,
Santa Ana, CA) according to Hemkemeyer et al. (2014). The
concentration of extracted DNA was measured based on the
intercalating dye QuantiFluor R© dsDNA System (Promega
GmbH, Mannheim, Germany) in the microplate reader
FLUOstar R© Omega (BMG Labtech, Ortenberg, Germany) at
485 nm excitation and 520 nm emission. Quantitative PCR
of archaeal as well as bacterial 16S rRNA genes and fungal
ITS1 sequences was conducted in a LightCycler R© 480 II using
LightCycler R© 480 Probes Master and LightCycler R© 480 SYBR

Green I Master, respectively (all Roche, Penzberg, Germany).
A total volume of 20 µL contained 10 µL master. In the case
of prokaryotes, the reaction mix contained 0.5µM forward
primer, 0.5µM reverse primer, and 0.2µM probe, while for
fungi the end concentration of each primer was 0.4µM. For
duplicate determinations, half of the reactions were supplied
with 10-fold and the other half with 50-fold dilutions of template
DNA (2 µL). According DNA fragments of Methanobacterium
oryzae, Bacillus subtilis, and Fusarium graminearum cloned into
pGEM R©-T vector (Promega), respectively, served as standards.
For primers, probes, and qPCR reaction conditions see Table S2
(Martin and Rygiewicz, 2005; Yu et al., 2005).

Statistical Analyses
The results presented in tables and figures are median values
and presented on an oven-dry basis (about 24 h at 105◦C).
Due to pronounced differences and different responses of the
two soils, soils were analysed separately instead of using a 4-
factorial statistical model. For the separate statistical analysis
of each soil, a three-way Analysis of Variance based on Type
II sums of squares (Langsrud, 2003) using R (R Core Team,
2018) and the R package CAR (Fox and Weisberg, 2011) was
applied with subsequent model simplification. If necessary,
data were box-cox transformed using MASS (Venables and
Ripley, 2002) and if residuals were still nonparametric or
heteroscedastic, the rank-based ANOVA from the package RFIT

(Kloke and McKean, 2012) was employed. The application
of the post hoc-test, i.e., estimated marginal means using
EMMEANS (Lenth, 2019) and Dunn’s test using FSA (Ogle et al.,
2018), respectively, was supported by the CLD- and cldList-
command, respectively, the latter deriving from the package
RCOMPANION (Mangiafico, 2018). F- and p-value tables are given
in the supplementary materials part. To elucidate the effect of
salt addition for each substrate under each oxygen condition
separately, Wilcoxon rank sum test was employed. Correlations
were calculated in dependence of normal distribution and
homoscedasticity either as Pearson’s r or Kendall’s τ . Figures were
prepared with GGPLOT2 (Wickham, 2016) in combination with
SCALES (Wickham, 2018).

RESULTS

Salinity Effects on Soil Microorganisms
and Microbial Processes
Salt addition reduced respiration in the control (CON) and
manure (M) treatments of both soils at 50 and 100% WHC
(Table 1; for full model F- and p-values see, Table S3). In soil A at
50% WHC, rice straw addition (R) and manure plus rice straw
addition (RM) even showed no reduction in respiration with
increased salt level. Overall, the reducing effect of soil salinity
on soil respiration as an indicator of C mineralisation was more
pronounced in soil B and was alleviated by organic amendments
especially in those treatments receiving rice straw. Salinity
reduced soil respiration by 16 to 53% in CON and M treatments,
with a tendency of larger reduction at 100% WHC and a slightly
stronger response in soil A as compared to soil B.When rice straw
was added, salinity did not affect soil respiration in soil A at 50%
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TABLE 1 | Cumulated respiration, dissolved organic C (DOC), inorganic N, the proportion of ammonium (NH+
4 ) and nitrate (NO−

3 ) on inorganic N for the unamended

treatments (CON), the manure (M), the rice straw (R) and the rice-straw plus manure (RM) treatments.

Treatment, Water content Salt addition Cumulated CO2-C qCO2 DOC Inorganic N NH+

4 NO−

3

soil (% of WHC) (mg NaCl g−1 soil) (µg g−1 soil 27 d−1) (mg CO2-C g−1 MBC d−1) (µg g−1 soil) (% of inorganic N)

CON, soil A 50 0 179 10 14 40 0.2 99.8

50 15 141 7 29 45 23.4 76.6

CON, soil A 100 0 228 14 32 6 43.1 56.9

100 15 131 6 36 39 2.2 97.8

CON, soil B 50 0 172 11 33 56 57.2 42.8

50 15 139 32 44 52 94.1 5.9

CON, soil B 100 0 272 26 37 17 71.4 28.6

100 15 145 22 49 58 99.9 0.1

Substrate derived CO2-C

(% of added C)

M, soil A 50 0 449 38 49 36 0.8 99.2

50 15 244 15 56 44 22.5 77.5

M, soil A 100 0 479 35 61 3 39.6 60.4

100 15 252 17 46 33 1.7 98.3

M, soil B 50 0 275 14 37 60 53.2 46.8

50 15 171 4 45 74 84.1 15.9

M, soil B 100 0 332 7 32 23 6.4 93.6

100 15 232 11 76 71 100.0 0.0

R, soil A 50 0 2,235 184 109 4 31.2 68.8

50 15 2,347 197 214 11 61.4 38.6

R, soil A 100 0 2,498 203 95 3 63.3 36.7

100 15 2,026 168 120 3 62.2 37.8

R, soil B 50 0 2,041 168 75 3 47.9 52.1

50 15 1,362 110 117 14 93.6 6.4

R, soil B 100 0 2,128 168 48 16 84.6 15.4

100 15 1,727 140 117 16 100.0 0.0

RM, soil A 50 0 2,103 105 102 4 42.6 57.4

50 15 2,201 112 226 12 51.9 48.1

RM, soil A 100 0 2,459 122 132 3 61.8 38.2

100 15 2,181 112 117 6 61.2 38.8

RM, soil B 50 0 2,127 107 81 5 62.1 37.9

50 15 1,591 79 102 17 94.6 5.4

RM, soil B 100 0 2,304 112 63 5 84.9 15.1

100 15 1,713 85 140 21 100.0 0.0

The metabolic quotient qCO2 (mg CO2-C g−1 microbial biomass C d−1) for the control treatments as well as the percentage of the cumulated CO2-C derived from manure- or rice

straw-C at the end of the incubation. Values show the median (n = 4). Pairs in bold show significant differences between non-saline and saline replicates at p < 0.05 (Wilcoxon rank

sum test).

WHC, whereas it decreased respiration at 100% WHC by 20%
and in soil B at 50 and 100% WHC by 32 and 20%, respectively.
The same pattern was observed after combined application of
rice straw and manure, with lower reduction of respiration in
the saline treatment at 100% WHC in soil A (11%) and a
reduction in soil B by 26%. Salinity showed inconsistent effects
on DOC changes in the various treatments (Table 1, Table S5).
At 50%WHC, salt addition increased DOC. Also at 100%WHC,
DOC increased after salt addition but this was mainly in the
rice straw treatments in soil B. Opposite to the effects of soil

salinity on soil respiration described above, N mineralisation was
increased after salt addition in the control andmanure treatments
at 50 and 100% WHC likewise (Figure 1, Table S6). The effect
was stronger for the manure treatments and at 100% WHC.
On the other hand, the immobilisation effect of rice straw and
manure plus rice straw addition on inorganic N was diminished
in the saline treatments. Salinity is known not only to reduce
microbial respiration and N mineralisation-immobilisation but
also nitrification. In soil B, salinity consistently resulted in large
contribution of NH+

4 to inorganic N (84 to 100%) as compared
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FIGURE 1 | (A,B) Net N mineralisation (mg inorganic N kg−1 soil) at the end of the incubation for soil A (A) and soil B (B) at 50 and 100% water holding capacity and

with (15mg NaCl g−1 soil) or without salt addition after manure, rice straw or manure plus rice straw addition. Diamonds indicate the mean and letters indicate

significant differences at p < 0.05 (Rank-based ANOVA for soil A and ANOVA for soil B; n = 4).

to NO−
3 , whereas in soil A NO−

3 always had a higher share
(57 to 100% of inorganic N) in particular in CON and M
treatments (Table 1, Tables S7, S8). In the R and RM treatments
inorganic N was on an overall smaller level and salinity
supported accumulation of NH+

4 in both soils with larger NH+
4

contribution in soil B. However, in soil A at 100% WHC there

was no salinity effect on nitrification observed and inorganic
N was very low.

MBC was not affected by salinity in soil A, while in soil B
it was significantly reduced at 50% WHC (Figure 2, Table 2,
Table S9). MBN showed inconsistent responses to salinity in
both soils (Figure 2, Table 2, Table S10). In contrast, total
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FIGURE 2 | (A–D) Microbial biomass C and N (mg kg−1 soil) at the end of the incubation for soil A (upper panel, A,B) and soil B (lower panel, C,D) after manure, rice

straw or manure plus rice straw addition. Diamonds indicate the mean and different letters indicate significant differences at p < 0.05 (ANOVA with model

simplification; n = 4). Substrate addition was the only consistent significant effect on microbial biomass C and N in both soils. Salt addition had a significant reducing

effect on soil microbial C in soil A at 50% water holding capacity only.

extractable DNA (µg g−1 soil) was significantly reduced in
relation to salinity in both soils, except for soil A at 100%
WHC (Table 2, Table S11). Bacterial and archaeal 16S rRNA
gene copy numbers g−1 soil were slightly but significantly
reduced by salinity in soil B but not in soil A, where
they remained on the same level (Table 2, Tables S12, S13.
In contrast, salinity significantly increased ergosterol content
in R and RM-amended replicates of soil B at 100% WHC,
whereas there was no such effect of salinity in soil A (Table 2,
Table S14). This was partly reflected by the content of fungal
ITS1 sequences; for example, in soil A there was an increase
at 100% WHC, while for soil B this effect depended on water
content and substrate amendment (Table 2, Table S15). Based

on this, the fungi-to-bacteria and fungi-to-archaea ratios also

increased in these treatments (data not shown). The biomass

specific respiration of the CON treatments, also referred to

as metabolic quotient qCO2, was not significantly affected by
short term salinity but varied significantly between the two soils,
with higher values in soil B (Table 1). Moreover, it increased
with increasing ergosterol-to-MBC ratio (τ = 0.500, p = 006,
Figure 3).

Effects of Organic Amendments on C and
N Mineralisation and Soil Microorganisms
Addition of organic amendments increased soil respiration
(Table 1, Table S3). Manure (M) resulted in a 2-fold increase in
respiration compared to the CON treatment. The R treatment on
the other hand showed an approximately 10-fold increase of soil
respiration. The RM treatment was in the same range as R. While
the cumulated CO2-C derived from the respective substrates was
between 4 and 38% in the M treatments, it was between 110 and
203% in the R and between 79 and 122% in the RM treatments
(Table S4) with larger values in soil A as compared to soil B
caused by a higher microbial biomass (Table 1, Tables S9, S10).
Along with that, the DOC contents were generally increased
in the R and RM treatments, but only in the M treatments of
soil A (Table 1, Table S5). Further, a net N mineralisation was
always observed at 50% WHC in the CON and M treatments
(Figure 1, Table S6), whereas a net N immobilisation occurred
in the R and RM treatments in most cases. However, at 100%
WHC, all treatments without salt addition showed a lower
inorganic N content compared to the CON treatment at 50%
WHC (Tables S7, S8). On the other hand, salt addition at 100%
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TABLE 2 | Microbial biomass C (MBC), total extractable DNA, ergosterol (ERG), the MBC/DNA ratio, the ERG/MBC ratio, fungal ITS1 sequences g−1 soil (FUN), bacterial

(BAC) and archaeal (ARC) 16S rRNA gene copies g−1 soil in control (CON), manure (M), rice straw (R) and rice straw with manure (RM) amended soils.

Treatment, Water Salt addition MBC DNA ERG MBC/DNA ERG/MBC FUN

108
BAC

1010
ARC

109

soil (%WHC) (mg NaCl g−1 soil) (µg g−1 soil) mg g−1 Gene copy numbers g−1 soil

CON, soil A 50 0 516 24.0 0.2 23.0 0.3 1.0 2.2 1.9

50 15 510 17.0 n.d. 28.5 n.d. 1.1 1.7 1.7

CON, soil A 100 0 538 17.5 0.2 33.0 0.3 2.2 2.8 1.7

100 15 601 22.3 0.1 23.6 0.3 3.2 3.2 2.0

CON, soil B 50 0 351 8.7 0.2 42.9 0.5 3.3 1.2 1.7

50 15 137 4.8 0.2 27.3 1.0 11.7 0.7 0.8

CON, soil B 100 0 304 13.7 0.2 22.5 0.7 3.0 1.7 3.1

100 15 201 7.5 0.2 27.4 1.1 1.6 1.0 1.6

M, soil A 50 0 664 25.9 0.3 23.9 0.5 3.3 2.5 2.2

50 15 677 17.5 0.2 39.8 0.3 2.2 2.5 2.1

M, soil A 100 0 677 22.8 0.4 29.8 0.4 6.0 3.6 2.3

100 15 592 25.9 0.2 23.3 0.3 7.9 4.0 2.5

M, soil B 50 0 412 11.8 0.2 35.1 0.5 7.7 1.7 2.5

50 15 183 8.0 0.3 24.7 1.6 24.8 1.3 2.0

M, soil B 100 0 361 13.0 0.4 28.9 1.1 5.1 1.7 3.6

100 15 310 8.5 0.7 34.6 3.7 3.5 1.3 2.1

R, soil A 50 0 893 24.9 5.4 34.5 5.0 28.5 2.9 1.5

50 15 893 17.6 2.1 48.8 1.9 25.3 2.6 1.5

R, soil A 100 0 996 19.8 0.5 46.1 0.4 10.0 4.0 1.3

100 15 850 26.9 0.7 32.1 0.8 40.4 5.6 1.8

R, soil B 50 0 552 15.5 2.4 38.1 1.5 144.6 2.3 1.5

50 15 319 7.9 2.0 49.4 4.2 331.5 1.0 1.3

R, soil B 100 0 381 17.1 1.7 20.3 2.4 150.4 2.4 2.6

100 15 432 12.0 4.3 37.1 8.7 115.5 1.8 2.0

RM, soil A 50 0 1,041 32.7 2.3 26.3 2.5 44.6 4.3 2.4

50 15 923 22.3 2.8 45.3 3.0 35.4 3.4 1.9

RM, soil A 100 0 1,094 33.4 0.5 32.2 0.5 16.6 4.7 2.0

100 15 1,054 30.2 0.6 34.8 0.6 35.5 5.2 2.3

RM, soil B 50 0 702 17.9 2.9 36.9 2.0 112.2 2.8 2.7

50 15 460 12.3 2.6 38.5 2.7 303.6 1.7 2.5

RM, soil B 100 0 719 16.5 1.5 38.9 1.4 44.5 2.5 3.0

100 15 830 18.1 3.7 43.3 1.6 185.3 3.3 3.0

Values show the median (n = 4). Pairs in bold show significant differences between non-saline and saline replicates at p < 0.05 (Wilcoxon rank sum test).

WHC enhanced the inorganic N content in almost all cases, and
was particularly pronounced in CON and M treatments.

MBC increased in all treatments with organic amendments,
independent of water content and salt addition (Figure 2,
Table 2, Table S9) and reached very high levels of above 1,000
µg MBC g−1 soil in the RM treatment of soil A. Values
were generally higher in soil A as compared to soil B. Also
MBN increased after addition of organic amendments (Figure 2,
Table S10). Even though MBC and MBN were closely correlated
(τSoilA = 0.670, τSoilB = 0.544, both p < 0.001), a stronger
variability of this relationship was observed especially at lower
MBN values. Total extractable DNA followed the same pattern

as MBC (Table S11), even though the relationship between
DNA and MBC was weak or moderate (τSoilA = 0.384, p =

0.002, τSoilB = 0.579, p < 0.001). The ratio between MBC and
DNA (MBC-to-DNA) or the conversion factor FDNA derived
from total extractable dsDNA and microbial biomass C data
was 35 on average for the two soils. Treatment average values
ranged from 20 to 50 and individual values varied between
3.5 and 97.4. Bacterial 16S rRNA gene copy numbers g−1 soil
were also increased in the order RM > R > M > CON,
whereas it was only significant for the R and RM treatments
as compared to CON (Table S12). In contrast, archaeal 16S
rRNA gene copy numbers g−1 soil, were increased in manure
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FIGURE 3 | Linear regression of qCO2 (y) and Erg-to-MBC (x) for the control without manure and rice straw amendment.

containing treatments (M and RM) in both soils (Table S13),
whereas the ergosterol content generally increased in both soils
with rice addition in the R and RM treatments (Table S14). This
increase in ergosterol was also reflected by increased fungal ITS1
sequences g−1 soil (Table S15), which showed a much stronger
response than ergosterol. However, ergosterol content and fungal
ITS1 were only weakly correlated (τSoilA = 0.353, τSoilB = 0.460,
both p < 0.001).

Effects of Anaerobic Conditions on C and
N Fluxes and Soil Microorganisms
Anaerobic conditions (100% WHC) resulted in increased
respiration for some of the treatments compared to 50% WHC
under non-saline conditions (Table 1, Table S3). When salt was
added, this effect was far less apparent, especially in the control
treatments. DOC was not consistently affected by water content.
Net N mineralisation, on the other hand, was significantly
reduced in CON and M treatments at 100% WHC in soil A with
the same trend observed in soil A, where net N mineralisation
reached the same level as in the rice straw treatments with net N
immobilisation in soil A and very little N mineralisation in soil B
(Figure 1, Table S6).

MBC was not affected by water content (Table 2, Table S9).
However, total extractable DNA was slightly enhanced at higher
water content (Table S11). Furthermore, whereas archaeal 16S
rRNA gene copy numbers g−1 soil were slightly and significantly
enhanced at higher water content in soil B there was no change
in soil A (Table S13). Bacterial 16S rRNA counts, however, where
significantly increased in soil A and B at 100% WHC, with a
stronger response in soil A (Table S12). On the other hand, water
content had no effect on the ergosterol content (Table S14) or
the relative contribution of ergosterol to microbial biomass C. In
contrast, fungal ITS1 was significantly affected by water content
in soil B (Table S15), with a tendency of reduced contents at
higher water levels and a lower fungi-to-bacteria ratio (data not

shown). Also in soil A there were some trends with reduced ITS1
in soils at 100%WHC not treated with salt.

DISCUSSION

Effects of Salinity and Organic
Amendments on C and N Processes
Our results show some expected outcomes on the effect of salinity
and organic amendments on soil respiration. However, as shown
below, the microbial responses substantially vary between the
two soils. Firstly, like in many previous studies (Laura, 1974;
Pathak and Rao, 1998;Wichern et al., 2006; Setia et al., 2011; Iqbal
et al., 2016) and recently qualitatively summarized by Leogrande
and Vitti (2019), soil respiration assessed by CO2-evolution, was
reduced by soil salinity in our study for most of the treatments
with and without organic matter addition. However, addition
of organic matter increased soil respiration substantially, even
under saline conditions, which was observed in earlier studies
as well (Wichern et al., 2006; Sall et al., 2015; Iqbal et al., 2016).
Organic matter thus provides a means to reduce the negative
effects of soil salinity on soil microorganisms (Chahal et al.,
2017; Leogrande and Vitti, 2019). One reason for this is the
enhanced availability of energy rich C-containing compounds
in the organic amendments, which allow soil microorganisms
to synthesise osmolytes counteracting the osmotic pressure
from elevated salinity or to invest into metabolic processes
for detoxification and cell repair (Killham and Firestone, 1984;
Schimel et al., 1989; Wichern et al., 2006).

Along with the reduced soil respiration and thus lower
C mineralisation, salinity increased DOC content in some
treatments, in particular after rice straw addition, which was
observed earlier (Mavi et al., 2012; Chahal et al., 2017). This
increase is probably partly caused by high sodium loads at the
exchange complex leading to soil dispersion and C release from
destroyed aggregates. This is in line with findings from Wang
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et al. (2015), who investigated rice straw decomposition in paddy
systems, and with one of our earlier studies (Iqbal et al., 2016),
where DOC values increased with increasing salinity, especially
after rice straw addition. Water extractable C was proposed as an
indicator of management effects on SOC by Benbi et al. (2015),
where long term manure application resulted in increased labile
C and stable C and therefore may contribute to long-term C
stability in paddy soils.

In our study, rice straw addition with or without manure
increased MBC and the fungal contribution significantly in
the short term, which is in contrast to an earlier study where
rice straw did not substantially increase microbial biomass
in saline paddy soils (Iqbal et al., 2016). Manure addition
alone showed only a trend towards an increase of the MBC,
which highlights the importance of rice plant residues for soil
fertilitymaintenance, in particular under saline conditions (Iqbal,
2018). Enhanced microbial biomass will ultimately contribute
to increased microbial necromass, which accounts for at least
half of soil organic matter (Miltner et al., 2012; Kallenbach
et al., 2016; Khan et al., 2016) and is thus a prerequisite for
SOC maintenance. Even though salinity decreased microbial
respiration, MBC was not consistently reduced by salinity in our
study as observed earlier (Rath and Rousk, 2015) contradicting
findings of others (Rietz and Haynes, 2003; Sardinha et al., 2003;
Wichern et al., 2006). However, it is worth mentioning that the
microbial communities of the two soils responded differently to
salinity as discussed below.

Along with an increase of MBC, N immobilisation in paddy
rice soils was enhanced after rice straw addition, as expected.
However, microbial N immobilisation was enhanced in the
control and manure treatments under anaerobic conditions
(100% WHC) as compared to aerobic conditions (50% WHC),
where a net N mineralisation occurred during the period of the
incubation experiment. This was also observed by Said-Pullicino
et al. (2014) and reflects higher C and N availability to soil
microorganisms due to higher mobility of C and nutrients in
the saturated soil. However, at saline and anaerobic conditions,
a net N release occurred in the control and manure treatments,
which is most likely caused by microbial death and inorganic
N release as shown by slightly reduced microbial C and N,
and total DNA in these treatments. Inorganic N increase along
with a reduction of MBC under saline conditions has also been
shown in earlier studies (Wichern et al., 2006; Sall et al., 2015).
Addition of rice straw as a source of labile C is thus a good
option to support microbial N immobilisation under aerobic and
anaerobic conditions as compared to manure alone and may
better contribute to N conservation under saline conditions in
paddy rice soils.

It should be noted that extracted DNA in the investigated soils
was not related to MBC determined by fumigation extraction
as shown in earlier work (Leckie et al., 2004; Calbrix et al.,
2007), but in contrast to a variety of more positive studies
(Marstorp et al., 2000; Gangneux et al., 2011; Semenov et al.,
2018). In addition, the MBC-to-DNA ratio was substantially
higher than reported previously (Joergensen and Emmerling,
2006; Anderson and Martens, 2013). In contrast to microbial
biomass and microbial residues (Joergensen andWichern, 2008),

the extractable microbial DNA is dominated by bacterial DNA as
in the current study. One reason could be the stronger packing
in dense protein-DNA complexes in the nucleus of eukaryotic
fungi. Another reason is the variation in ribosomal gene copy
numbers and cellular nucleic acid concentrations between fungi
and bacteria so that they do not provide an estimate of biomass
ratios (Rousk et al., 2010). Consequently, small fluctuations in
bacterial DNA may lead to strong shifts in the MBC-to-DNA
ratio. Such shifts could be caused by straw and manure addition
in the current experiment, particular in soil B. In addition, the
extractable DNA fraction varies more in fungi (Leckie et al.,
2004), due to differences in the ratio of cytoplasm to genome.
However, the decreasing ratio of the cell-membrane component
ergosterol to fungal DNA after rice straw addition points to
the reverse direction. More DNA seems to be extractable from
actively straw-decomposing fungi. It should be noted that the
DNA from arbuscular-mycorrhizal fungi is hardly extractable
(Hartmann et al., 2015), despite the probably high contribution of
this fungal phylum to the microbial biomass (Faust et al., 2017).
Another reason for the rather low correlation between MBC and
extractable DNA might be the presence of residual DNA of soil
microorganisms and plants in soil or interference of DNA with
humic compounds during extraction (Pietramellara et al., 2009;
Carini et al., 2016). These observations question the applicability
of a general conversion factor to determine MBC from DNA
extraction (Joergensen and Emmerling, 2006). However, the
variation in the MBC-to-DNA ratio opens the possibility to gain
additional information, e.g., on the contribution of bacteria to
the MBC if the knowledge for the reasons of the aforementioned
variability will be improved in the near future.

It is well-known that organic amendments can increase
methane (CH4) emissions in paddy rice soils, in particular when
applied before transplanting of rice (Yan et al., 2005; Sanchis
et al., 2012). However, as we did not measure CH4 emissions and
other trace gases, such as N2O and NH3, we cannot exclude that
gaseous losses of C and N may have occurred, which needs to be
considered in a full C and N balance, which was not in the scope
of the present work.

Distinct Microbial Response of Different
Soils Indicate Soil Legacy
Even though -to our knowledge- the two investigated soils where
not prone to salinity before, they, along with their pronounced
differences in pH, showed distinct responses to salinity, probably
caused by differences in the microbial community composition.
For example, most of the inorganic N was NO−

3 in soil A at
non-saline conditions, which remained substantially higher also
at saline conditions as compared to soil B, where N was almost
exclusively NH+

4 . Here, microbial nitrifiers seem to be present
only in lower abundance, as also under non-saline and aerobic
conditions, a large proportion of the inorganic N was present as
NH+

4 . The proportion of NH+
4 increased under saline conditions

to approximately 84 to 100% in soil B, indicating inhibition of
nitrification, as observed before (Laura, 1974; Pathak and Rao,
1998; Wichern et al., 2006). However, soil A showed microbial
nitrifiers better adapted to salinity, with ∼40% (R and RM) to
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more than 95% (CON andM) of the inorganic N at the end of the
incubation being present as NO−

3 even under saline conditions.
This is in line with earlier findings, where paddy rice soils from
Bangladesh also showed pronounced differences in the response
of microbial nitrifiers to enhanced salinity (Iqbal et al., 2016),
most likely inhabited by adapted microbial consortia (Moussa
et al., 2006). The higher tolerance of the microbial community
to salinity in soil A is also reflected by an overall lower response
of MBC, in contrast to a reduction of the already lower MBC
contents in soil B as also observed by Wichern et al. (2006).

Ergosterol is often used as an indicator of saprotrophic fungi
(Joergensen and Wichern, 2008; Faust et al., 2017). Interestingly,
in soil B after rice straw addition, salinity in anaerobic conditions
enhanced fungi as indicated by increased ergosterol content and
larger amounts of extractable ITS1 sequences. The extremely
low contribution of ergosterol to MBC (Djajakirana et al., 1996;
Joergensen and Wichern, 2008) indicates that the concentration
of saprotrophic fungi is probably very low in the current paddy
soils. Other studies also showed fungal growth rates are less
sensitive to salinity than bacterial growth rates after application
of fresh substrate (Rath et al., 2016, 2019; Dang et al., 2019).
This might be different for the contribution of fungal residues
to SOC under saline conditions (Khan et al., 2016) as the
biomass of many soil fungi declines when exposed to salinity
(Sardinha et al., 2003). However, Roth et al. (2011) and Murugan
et al. (2014) observed high contributions of fungi to microbial
necromass in paddy fields. One reason for these discrepancies
observed could be differences in the length of the aerobic
period between different rice cultivation seasons, which probably
stronger support saprotrophic aerobic fungi.

The relative increase of saprotrophic fungi as indicated by the
ergosterol-to-microbial biomass C ratio was positively related to
an increase of the metabolic quotient qCO2, a simple indicator
of the demand of microorganisms to maintain their biomass or a
simplified carbon use efficiency (CUE) (Joergensen andWichern,
2018) Consequently, increased fungal dominance will result in
lower C use efficiency as shown earlier (Nannipieri et al., 2003;
Iqbal et al., 2016) and may result in organic matter loss in the
long run. A higher specific metabolic activity may reflect stronger
catabolic activity and production of osmolytes, cell repair or
detoxification (Jones et al., 2019) and thus reflects an adaptation
of the soil microbial community to abiotic stress, such as salinity
(Wichern et al., 2006).

Saline conditions usually increase metabolic activity to avoid
cell damage by the enhanced osmotic pressure and toxicity of
the salts present. However, the metabolic quotient qCO2 was not
affected by salinity in or study in the short term but showed
differences between the two investigated soils, indicating that
the microbial communities adjusted their metabolism over a
longer period of time. It was higher in soil B with a lower pH
as compared to soil A, which is in line with Jones et al. (2019),
who observed a lower CUE in soils with lower pH (below 5.5).
Soil B had a higher qCO2 and therefore more C was used for
maintenance of microbial cells, resulting in a less efficient C
use, which in the long run yield a lower CUE and consequently
may result in stronger organic matter decomposition. However,
this was not represented by lower SOM accumulation in soil B

as SOC content in both soils was the same, probably because
the qCO2 was on an overall low level as compared to other
studies (Wichern et al., 2003, 2006; Hartman and Richardson,
2013; Iqbal et al., 2016). Further, next to C lost as CO2 for a full
microbial CUE assessment also microbial necromass and other
microbial metabolites need to be considered (Joergensen and
Wichern, 2018), which we were not able to do in the present
study. However, it can be concluded that short term abiotic
stress, such as salinity or anoxic conditions, does not directly
trigger metabolic adaptation of the whole microbial community,
but rather results in survival of the microbes better adapted
to stress and likely having adapted energy intensive metabolic
mechanisms as explained above. Consequently, the microbial
community changes and along with that the microbial CUE
decreases in the long run.

CONCLUSIONS

Organic amendments, such as rice straw or manure alleviate
some of the negative effects of salinity on soil microorganisms
and microbial processes. As hypothesized, addition of rice straw
allows soil microbial communities, in particular fungi to better
adapt to the osmotic stress making use of the added energy to
maintain their metabolism or even forming additional biomass,
which, as expected, results in increased N immobilisation.
Contrary to our hypothesis, enhanced water content in the paddy
soils did not add additional stress to the microbial community,
but rather improved C availability for soil microorganisms as
reflected by enhanced C mineralisation and N immobilisation
allowing the microorganisms to counteract the negative salinity
effects. However, microbial communities in different soils show
a distinct response to salinity, to anoxic conditions and organic
amendments with a pronounced legacy from previous abiotic and
biotic experiences. Future investigations should focus on plant-
soil microbial interactions under saline conditions after addition
of organic amendments. Overall, to maintain soil microbial
functions under saline conditions, plant residue and nutrient
management needs to consider application of sufficient amounts
of available C and nutrients by combining C and nutrient sources,
such as rice straw and manure. Maintaining microbial life under
salt stress will ultimately also support maintenance of soil organic
matter, as it derives to a large extent from microbial necromass.
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