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Abstract
The effect of rapid rewetting of dry soil to a water content optimal for microbial activity on soil respiration and nutrient 
cycling has been extensively studied. However, with smaller rainfall events, dry soil may also rewet more slowly with an 
interval between partial rewetting events. In this experiment, soil unamended or amended with faba bean residue (C/N 9) 
was incubated at 50% water-holding capacity (WHC) for 2 weeks, then the soil of the rewet treatments was air-dried and 
incubated dry for 2 weeks. Then, the air-dried soil was exposed to six rewetting treatments: rewet rapidly to 50% WHC once 
on day 0 (RR50), rewet partially to 25% WHC once on day 0 (PR25), or rewet slowly by two applications of 25% WHC each 
with the first rewetting on day 0 and the second after 6 h (SR6), 12 h (SR12), 36 h (SR36), or 60 h (SR60). Constantly moist 
(CM) soil was kept at 50% WHC throughout the experiment. The flush of respiration after the final rewetting followed the 
order SR6 > RR50 > SR12 > SR36 > PR25, SR60. Microbial biomass C on the first day after the final rewetting decreased 
in the order RR50 > PR25 > SR6 > SR12 > SR 36 > SR60, CM. We conclude that slow rewetting can increase the flush of 
respiration compared to rapid rewetting, but only if the second partial rewetting occurs 6 h after the first. The size of the 
flush decreased with increasing time between the two rewetting events.
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Introduction

Long periods with little or no rain are characteristic for arid 
and semi-arid climate and impose stress on soil microbes 
through their effect on soil water availability. Soil drying 
reduces diffusion of substrate to microbes and water avail-
ability (Stark and Firestone 1995) because water potential 
becomes more negative; i.e. the remaining water is held 
more tightly on soil particles and water films around soil 
particles become thinner (Ilstedt et al. 2000). Low water 
availability has been shown to reduce microbial activity 
(Fierer and Schimel 2002) and change microbial commu-
nity composition (Barnard et al. 2013; Fierer et al. 2003; 
Meisner et al. 2018). Microbes can survive in dry soil by 
becoming dormant or inactive, but they can also minimise 
cell desiccation by enhanced production of extra-cellular 
polysaccharides as a protective coating (Kakumanu et al. 

2013) or by accumulation of solutes to retain turgor (Or et al. 
2007; Warren 2014).

Dry periods may be interrupted or ended by rainfall 
events that also is a stress for microbes if dry soil is rapidly 
rewet. Rapid rewetting of air-dried soil to a water content 
optimal for microbial activity (in most soils about 50% of 
maximum water holding capacity) results in a flush of  CO2 
and available nutrients, which is referred to as “Birch effect” 
(Barnard et al. 2020; Birch 1958) and is due to increased 
substrate availability to surviving microbes. Biotic substrate 
sources include microbes killed in dry soil or upon rewet-
ting, release of intracellular osmoregulatory compounds 
accumulated during the dry period (Blazewicz et al. 2014, 
2020), aggregate breakdown which exposes organic matter 
previously inaccessible to soil microorganisms (Hueso et al. 
2012; Najera et al. 2020; Wu and Brookes 2005) and water-
extractable OC accumulated in dry soils (Kaiser et al. 2015) 
which can be released upon rewetting of dry soil (Slessarev 
et al. 2020). Abiotic  CO2 sources include the release of  CO2 
accumulated in dry soil as water enters soil pores and solu-
bilisation of carbonates (Barnard et al. 2020). Exposure to 
several dry-rewet (DRW) cycles has been shown to increase 
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microbial resilience to DRW as expressed in a rapid increase 
in respiration upon rewetting and high C use efficiency, i.e. 
low respiration/growth ratio (Brangari et al. 2021; de Nijs 
et al. 2019). This has been explained by metabolic adapta-
tion or changes in microbial community composition (Bran-
gari et al. 2021; Koch et al. 2018). Due to the large extent of 
arid and semi-arid areas and thus their impact on the global 
C cycle (Ahlstrom et al. 2015), it is important to under-
stand the impact of dry periods and rewetting events on  CO2 
release from soil.

Rainfall events interrupting or ending dry periods vary 
in intensity, but only few studies have examined the effect 
of less dramatic changes in soil water content than those 
described above. For example, Chowdhury et al. (2011) 
reported that the flush of respiration after rewetting to opti-
mal water content decreased with increasing previous water 
content. Studying the effect of different rainfall amounts 
(1, 5 or 15 mm) in the middle of a dry season, Rey et al. 
(2017) found that  CO2 emission was positively related to the 
amount of rainfall. These studies have exposed soils to sin-
gle water addition. But dry soils could also be rewet gradu-
ally by several small rainfall events. In a previous study, we 
exposed dry soil to three rewet treatments: rapid rewetting 
to 50% maximum water-holding capacity (WHC), partial 
rewetting to 25% WHC and slow rewetting where water was 
added in two aliquots corresponding to 25% WHC each with 
6 h between the first and the second rewetting (Erinle et al. 
2021). The flush of respiration after the final rewetting and 
cumulative respiration were greatest with slow rewetting and 
were 30% higher than with rapid rewetting. We explained 
the high respiration with slow rewetting by activation of the 
soil microbes by the first rewetting event which allows them 
to respond quickly to substrates becoming available with 
the second rewetting. However, small rainfall events may 
be separated by more than 6 h and the length of the interval 
between small rewetting events could influence the capac-
ity of the soil microbes to respond to the second rewetting.

The aim of this study was to determine the effect of differ-
ent intervals between two rewetting events (6 h, 12 h, 36 h, 
60 h, referred to as slow rewetting) on soil respiration and 
N availability after a second rewetting event in soil that was 
unamended or amended with low C/N faba bean residue. 
The amendment was added to increase substrate availabil-
ity to microbes. The following hypotheses were tested: (1) 
compared to rapid rewetting, the flush of respiration after 
slow rewetting will be greater if the second rewetting event 
occurred within a day after the first; (2) among the slow 
rewetted treatments, the longer the rewetting interval, the 
lower the respiration rate and microbial biomass C upon the 
second rewetting event, because microbial activity that was 
increased by the first partial rewetting was limited by low 
substrate and water availability between the first and the sec-
ond rewetting event; and (3) differences among treatments 

will decrease over time after the second rewetting event. The 
first hypothesis is based on our previous study (Erinle et al. 
2021) which showed that the flush of respiration was greater 
when second rewetting event occurred 6 h after the first than 
with a single rewetting with the same total volume of water 
added. The third hypothesis assumes that substrate will be 
depleted during the experiment and therefore limit microbial 
activity towards the end of the experiment.

Materials and methods

Soil and crop residue

The properties of the soil used in this experiment are 
described in Erinle and Marschner (2019). The loamy sand 
(0 to 10 cm depth) was collected from Waite Campus of The 
University of Adelaide, South Australia (longitude 138° 38′ 
E, latitude 35° 6′ S); the site had been under permanent pas-
ture over 80 years but recently cropped with oats. This area 
has a Mediterranean climate: cool, wet winters and hot, dry 
summers with occasional short, heavy rainfall events. The 
soil is classified as Chromosol in Australian soil classifica-
tion (Isbell 2002) and Lixisol in WRB (FAO 2015). Soil 
(0–10 cm) collected from six different randomly selected 
sites was combined and mixed. The soil was dried at 40 °C 
and sieved to < 2 mm. The soil properties are pH 6.8 (1:5 
soil/water); EC (1:5) 0.1 dS  m−1; clay 25%, silt 37%, sand 
37%; total P 302 mg  kg−1; total organic C 17 g  kg−1; total 
organic N 1.5 g  kg−1; bulk density 1.3 g  cm−3; and maxi-
mum water holding capacity (WHC) 350 g  kg−1.

Young faba bean shoot (Vicia faba L.), dried at 40 °C and 
ground and sieved to 0.25–2-mm particle size, was used as 
amendment. It has the following properties: total organic C, 
347 g  kg−1; total N, 38.5 g  kg−1; and C/N ratio 9 (Erinle and 
Marschner 2019).

Twenty-gramme dry soil left unamended or amended 
with faba bean (10 g  kg−1) was placed into small plastic 
bags and mixed thoroughly with 175 g reverse osmosis (RO) 
water  kg−1 (50% WHC). Then, the mixed soil was filled 
into small PVC cores (1.8 cm radius, 5 cm high) with a 
mesh bottom and adjusted to a bulk density of bulk density 
1.3 g  cm−3.

Experimental design

Soil was maintained at 50% WHC and incubated in the 
dark at room temperature for 2 weeks. Thereafter, indi-
vidual cores were placed in 1-L glass jars with gas tight 
lid that had a septum to allow gas sampling. Then, the 
soil of the drying and rewetting treatments was dried 
to < 5% WHC using silica pouches (Butterly et al. 2009) 
and incubated for another 2 weeks. After 2 weeks, the 
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dry soils were rewet rapidly to 50% WHC once on day 
0 (RR50), rewet partially to 25% WHC on day 0 (PR25) 
or rewet slowly by two applications to 25% WHC each 
with the first rewetting on day 0 and the second after 
6 h (SR6), 12 h (SR12), 36 h (SR36) or 60 h (SR60) 
(Table 1). The soils were incubated moist for 2 weeks 
after the initial rewetting. Constantly, moist (CM) soil 
was kept at 50% WHC throughout the experiment. Soil 
respiration was measured daily from 1 day before rewet-
ting to day three after rewetting, and subsequently meas-
ured every 2 days, because soil respiration rate changed 
little over 24 h. Available N, microbial biomass C (MBC) 
and  K2SO4-extractable  NH4 as indicator of microbial bio-
mass N were measured 1, 2, 3, 7 and 14 days after the 
initial rewetting. In the first 3 days, CM, RR50 and PR25 
were sampled on day 1, 2, and 3, but treatments that were 
rewet twice were only sampled the day after the second 
rewetting. Thus, data for rewet treatments of the first 
3 days are from day 1 for RR50, PR25, SR6 and SR12, 
day 2 for SR36 and day 3 for SR60. For CM, the average 
of days 1–3 is used. Daily data for CM, RR50 and PR25 
in the first 3 days is shown in the supplementary table 
(Table S1).

Analyses

Measurements were carried out as described in Erinle and 
Marschner (2019). Soil maximum water holding capacity 
was measured, matric potential =  − 10 kPa (Wilke 2005). 
Soil texture was determined according to Gee and Or 
(2002). Soil pH was determined in a 1:5 (w/v) soil to reverse 
osmosis (RO) water ratio (Rayment and Higginson 1992). 
Total organic C of soil and residues was determined by wet 
oxidation (Walkley and Black 1934). Total N in soil and 
plant residues was determined using the Kjeldahl method 
(Bremner and Mulvaney 1982). Soil respiration was meas-
ured by quantifying the  CO2 concentration in the headspace 
of the jars using a Servomex 1450 infra-red analyser (Ser-
vomex Group, Crowborough, UK) as described in Setia et al. 
(2011).

Available N (exchangeable ammonium and nitrate) was 
measured after 1 h end-over-end shaking with 2 M KCl in 
a 1:5 soil-extractant ratio. Ammonium-N was determined 
after Willis et al. (1996) and nitrate–N after Miranda et al. 
(2001). Microbial biomass N and C (MBN and MBC) were 
determined by chloroform fumigation extraction with 
0.5 M  K2SO4 (Moore et al. 2000; Vance et al. 1987). Chlo-
roform-labile C concentration is the difference in organic 
C between fumigated and non-fumigated soil, which was 
multiplied by 2.64 to calculate MBC (Vance et al. 1987). 
The respiration rate/MBC ratio was calculated as a meas-
ure of C use efficiency.  K2SO4-extractable organic C of 
the unfumigated soil was used as indicator of extractable 
C. The difference in concentration of  K2SO4-extractable 
 NH4

+ between fumigated and non-fumigated samples was 
used as indicator for microbial biomass N without using 
the conversion factor suggested by Moore et al. (2000).

Statistical analysis

For available N, MBC and  K2SO4-extractable  NH4, aver-
age values over first 3 days were used for CM. For all 
rewetted treatments, data of 1 day after rewetting is shown. 
For treatments that were rewet twice, we used data of the 
first day after the final rewetting (day 1 for RR50, PR25, 
SR6 and SR12, day 2 for SR36, day 3 for SR60). Data 
of weekly cumulative respiration, available N, MBN and 
MBC was checked for normality using the Shapiro–Wilk 
test. After confirming normality, the data was analysed 
by two-way repeated measures ANOVA with fixed fac-
tors amendment (unamended and faba bean residue) and 
moisture treatment (constantly moist, rapid rewetting to 
50% WHC, partial rewetting to 25% WHC, slow rewetting 
to 50% WHC with 6 h, 12 h, 36 h or 60 h interval between 
the two rewetting events), and time as repeated measure. 
Tukey’s multiple comparison test was used to determine 
significant differences for the amendment × moisture treat-
ment interaction (P ≤ 0.05). The statistical analyses were 
carried out in Genstat v19 (VSN International Ltd., UK).

Table 1  Overview of rewetting treatments with rewetting events in 
the first 3 days after a 2-week dry period. The dry soils were rewet 
rapidly to 50% WHC once on day 0 (RR50), rewet partially to 25% 
WHC on day 0 (PR25) or rewet slowly by two applications to 25% 

WHC each with the first rewetting on day 0 and the second after 6 h 
(SR6), 12  h (SR12), 36  h (SR36) or 60  h (SR60). Values indicate 
amount of water added in percentage water holding capacity. Shading 
indicates soil water content, and * indicates sampling time
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Results

The respiration rate in the first 5 days was generally higher in 
amended than unamended treatments and differences among 
treatments were greater in amended treatments (Fig. 1a, b). 
On day 1, the respiration rate was highest in SR6 and lowest 
in CM. Compared to CM, the respiration rate was fivefold 
higher in SR6, fourfold higher in RR50, threefold higher in 
SR12 and about twofold higher in SR36, SR60 and PR25. 
The respiration rate decreased in all rewet treatments from 

day 1 to day 2 except in SR36 where it remained unchanged. 
On day 2 compared to CM, the respiration rate was threefold 
higher in RR50, SR6, SR12 and SR36, twofold higher in 
SR60 but it did not differ between CM and PR25. From day 
2 to day 3, the respiration rate changed little in most treat-
ments, except in RR50 where it decreased by about 30% and 
in SR36 in amended soil, where it increased by about 25%. 
On day 3, the respiration rate was highest in SR36, it was 
about twofold higher than in RR50, CM and PR25 and about 
25% higher than in SR6, SR12 and SR50. Respiration rates 

Fig. 1  Respiration rates (A–B) 
and cumulative respiration (C) 
from 0 to 14 days after rewet-
ting in soils incubated dry for 
14 days before rewetting rapidly 
to 50% WHC only once (RR50), 
partially to 25% WHC only 
once (PR25), or slowly to 50% 
WHC by two applications at 
25% WHC each with 6 h (SR6), 
12 h (SR12), 36 h (SR36) or 
60 h (SR60) interval between 
the two rewetting events, or 
maintained constantly moist 
(CM), without amendment 
(unamended) or with faba bean 
residue. In panel C, for each 
period (0–3, 4–7 and 8–14 days) 
separately, lower-case letters 
indicate significant differences 
for the amendment × moisture 
treatment interaction (P ≤ 0.05, 
n = 3 ± standard error). Upper-
case letters indicate significant 
differences in total cumulative 
respiration for the amend-
ment × moisture treatment 
interaction (P ≤ 0.05, n = 3)
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in all treatments decreased further until day 5 after which 
they remained stable until the end of the experiment.

Cumulative respiration in all moisture treatments was 
higher in amended than unamended soils (Fig. 1c). Cumu-
lative respiration in the first 3 days was lowest in CM. 
Among rewetted treatments, it was lowest in PR25. In the 
unamended treatments, cumulative respiration in the first 
3 days was higher in RR50 than the treatments that were 
rewet slowly. But in amended soil, it was about 20% higher 
in SR6 than RR50 and it decreased with increasing time 
between the two rewetting events. Cumulative respiration 
between day 4 and day 7 differed little among treatments in 
unamended soil, but in amended soils, it was higher in all 
treatments that were rewet twice compared to RR50, par-
ticularly in SR60 where it was twofold higher than RR50. 
Cumulative respiration from day 8 to day 14 differed little 
among moisture treatments. In amended soils compared to 
CM and PR25, cumulative respiration in the first 7 days was 
about 50% higher in RR50 and all treatments that were rewet 
twice. From day 8 to day 14, cumulative respiration was low-
est in PR25 and differed little among the other treatments. 
Total cumulative respiration (days 0–14) in unamended soils 
was higher than CM only in RR50. In amended soils, it was 
about 75% higher in RR50 and all treatments that were rewet 
twice than CM and PR25.

In the first 3 days, MBC was higher in amended than 
unamended soils, about 25% higher in CM, RR50, PR25, 
0.5-fold higher in SR6 and SR12 and twofold higher in SR36 
and SR60 (Fig. 2a, Table S1). In unamended soil, MBC was 
lowest in SR60 where it was 75% lower than CM. Compared 
to CM, MBC in the first 3 days was about twofold higher in 
RR50, PR25 and SR6, 0.75-fold higher in SR12 and simi-
lar in SR36. In amended soil, MBC differed little between 
CM and SR60, but it was about threefold higher in RR50, 
PR25 and SR6, twofold higher in SR12 and 0.5-fold higher 
in SR36. MBC on day 7 was slightly higher in amended than 
unamended soil, but differed little among moisture treat-
ments (Fig. 2b). It was generally lower than on days 1–3 
except in SR36 and SR60 in unamended soil where it was 
0.1- and fourfold higher, respectively. MBC increased up 
to twofold from day 7 to day 14. On day 14, MBC in una-
mended soil was lower in PR25 than the other treatments 
which differed little in MBC (Fig. 2c). In amended soil, 
MBC was lowest in CM and 0.3- to twofold higher in the 
rewet treatments.

The respiration rate/MBC ratio in the first 3 days was 
about 1.5-fold higher in SR6 and SR36 than in the other 
treatments (Table 2). Compared to SR6, the respiration 
rate/MBC ratio in SR60 was twofold higher in unamended 
soil, but similar in amended soil. Among rewet treatments 
in unamended soil, it was lowest in PR25. On day 7, the 
respiration rate/MBC ratio was lowest in SR6 and highest 
in RR50 while it did not differ in the other treatments. The 

respiration rate/MBC ratio on day 14 was lower in SR6 and 
SR12 than the other rewet treatments.

Extractable organic C (OC) (determined as 
 K2SO4-extractable OC from unfumigated soil, Sup-
plementary Fig. 1) differed little between amended and 
unamended soils except for CM in the first 3 days where 
extractable OC was about sixfold higher in amended than 
unamended soil (Fig. S1a). Among rewetted treatments, 
extractable OC was higher in SR36 and SR60 than in 
RR50 and PR25, particularly in unamended soil. Treat-
ments differed little in extractable OC on days 7 and 14 
(Fig. S1b,c).

In the first 3 days,  K2SO4-extractable  NH4 as indica-
tor of microbial biomass N was about twofold higher in 
amended than unamended soil in most rewet treatments 
except in SR60 where it did not differ between amended 
and unamended soil (Fig. 3a, Table S1). In both amend-
ment treatments,  K2SO4-extractable  NH4 was lowest 
in SR60 followed by CM where it was about threefold 
higher. Compared to CM,  K2SO4-extractable  NH4 in una-
mended soil was about 25% higher in RR50 and PR25, 
similar in SR6, 30% lower in SR12, and about 80% lower 
in SR36 and SR60. In amended soil compared to CM, 
 K2SO4-extractable  NH4 in the first 3 days was fourfold 
higher in RR50 and PR25 and twofold higher in SR6 and 
SR12, similar in SR36 and about 50% lower in SR60. In 
unamended soil,  K2SO4-extractable  NH4 decreased from 
days 1–3 to day 7 in most treatments except in SR36 
and SR60 where it increased twofold. In amended soil, 
 K2SO4-extractable  NH4 increased about twofold from days 
1–3 to day 7 in CM and SR60, but decreased by about 
20% in RR50, PR25, SR6 and SR12. In unamended soil, 
 K2SO4-extractable  NH4 on day 7 was up to 50% higher 
in CM than in the rewet treatments (Fig. 3b). In amended 
soil,  K2SO4-extractable  NH4 on day 7 was 2- and 1.5-
fold higher in RR50 and PR25 than the other treatments, 
respectively. In unamended soil,  K2SO4-extractable  NH4 
remained unchanged from day 7 to day 14, but it gener-
ally decreased in amended soil with the greatest decrease 
in RR50 and PR25 where it decreased threefold. Treat-
ments differed little in  K2SO4-extractable  NH4 on day 14 
(Fig. 3c).

Throughout the experiment, available N was higher in 
amended than unamended soil, about 50% higher on days 
1–3 and up to twofold higher on days 7 and 14 (Fig. 4, 
Table S1). Available N in unamended soil in the first 3 days 
was about 20% higher in rewet treatments than in CM 
(Fig. 4a). In amended soil, available N was lowest in SR6 
and about 20% higher in the other treatments. Available N on 
day 7 was about 50% lower than in the first 3 days (Fig. 4b). 
Available N changed little from day 7 to day 14 (Fig. 4c). 
On days 7 and 14, available N was lowest in CM; differences 
among rewet treatments were small.
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Discussion

This study showed that the time between two partial rewet-
ting events influenced respiration, MBC and MBN, with a 
more pronounced effect in amended than unamended soil. 
The greater effect in amended soil can be explained by 
the higher substrate availability where little decomposition 
occurred in the two dry weeks prior to the first rewetting. 
In unamended soil, low substrate availability likely limited 
microbial response to rewetting.

The first hypothesis (compared to rapid rewetting, the 
flush of respiration after slow rewetting will be greater if 
the second rewetting event occurred within a day after the 
first) has to be declined because the respiration flush was 
higher than RR50 only in SR6 whereas it was lower in SR12.

The second hypothesis (among the slow rewetted treat-
ments, the longer the rewetting interval, the lower soil respi-
ration and MBC) can be confirmed which will be discussed 
in detail below. The third hypothesis (differences among 
treatments will decrease over time after the second rewetting 
event) can also be confirmed. The pronounced differences 

Fig. 2  Microbial biomass C (mg 
kg  soil−1) on days 1, 2, 3, 7 and 
14 after rewetting of soil previ-
ously dry for 14 days before 
rewetting rapidly to 50% WHC 
only once (RR50), partially to 
25% WHC only once (PR25) 
or slowly to 50% WHC by two 
applications at 25% WHC each 
with 6 h (SR6), 12 h (SR12), 
36 h (SR36) or 60 h (SR60) 
interval between the two 
rewetting events, or maintained 
constantly moist (CM), without 
amendment (unamended) or 
amended with faba bean resi-
due. For each period separately, 
columns with different lower-
case letters indicate significant 
differences for the amend-
ment × moisture treatment inter-
action (P ≤ 0.05, n = 3 ± stand-
ard error). Upper-case letters 
indicate significant differences 
in total cumulative respiration 
for the amendment × moisture 
treatment interaction (P ≤ 0.05, 
n = 3 ± standard error). The 
* indicates an increase and # 
indicates a decrease in concen-
tration compared to previous 
sampling time. Data of CM, 
RR50 and PR25 in panel A is 
average of days 1, 2 and 3
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in respiration and MBC among rewetting treatments in the 
first 3 days became smaller or disappeared on days 7 and 14.

With rapid rewetting to 50% WHC (RR50), the soil 
throughout the container is rewet quickly leading to osmotic 
stress, release of substrates for surviving microbes and a 
flush of respiration (Barnard et  al. 2020; Birch 1958). 
Sources of the increased substrate availability include 
microbes killed in dry soil or during rewetting, aggregate 
breakdown and release of organic matter bound to soil 
particles (Barnard et al. 2020; Blazewicz et al. 2014; Patel 
et al. 2021). The flush of respiration 1 day after rewetting 
indicates a rapid activation of soil microbes correspond-
ing to a type 1 response (Meisner et al. 2015). Rewetting 
also induced a strong increase in MBC compared to CM. 
This increase in respiration and microbial growth after 
rewetting of dry soil to optimal water content is consist-
ent with previous studies (e.g. Meisner et al. (2015)). The 
smaller increase in  K2SO4-extractable  NH4 after rewetting 
compared to the increase in MBC in unamended soil sug-
gests that microbes were N limited. In contrast, both MBC 
and  K2SO4-extractable  NH4 in amended soil increased to 
a similar extent compared to CM, indicating that sufficient 
N was available for microbes which is corroborated by the 
higher N availability in amended than unamended soil. In 
agreement with previous studies, respiration rates decreased 
rapidly after the initial flush (Barnard et al. 2020; Fierer and 
Schimel 2003).

With partial rewetting to 25% WHC (PR25), the lower 
amount of water added may have briefly increased water 
availability to optimal for microbes in the top few milli-
metres of the soil. But as the water moved down, water 

availability and hence osmotic stress for microbes would 
have been lower than in RR50 because the water potential 
difference to air dried soil was smaller due to the lower 
amount of water added in R25. This smaller stress may 
explain why the increase in MBC and  K2SO4-extractable 
 NH4 on day 1 was similar in PR25 and RR50. Hence, 
although the flush of respiration was smaller in PR25, C 
use efficiency was greater as indicated by the lower respira-
tion rate/MBC ratio on day 1. However, the lower MBC and 
 K2SO4-extractable  NH4 on days 7 and 14 in PR25 compared 
to RR50 indicates that the lower soil moisture limited access 
of microbes to substrate.

In treatments with slow rewetting, water availability 
shortly after the first partial rewetting activated a propor-
tion of the microbiome but also limited subsequent substrate 
availability. When the second rewetting occurred 6 h after 
the first (SR6), microbes activated by the first rewetting 
were likely still active and thus able to immediately utilise 
substrate that became available after the second rewetting 
as water penetrated more pores and the water film around 
the aggregates became thicker. This can explain the high 
respiration rate on day 1 (measured 18 h after second rewet-
ting) which was twofold higher than PR25 corresponding 
to the water content after the first rewetting and about 20% 
higher than RR50 which had the same water content. The 
increase in MBC on day 1 in SR6 compared to CM was 
only slightly smaller than in RR50. However, C use effi-
ciency was lower in SR6 than RR50 as indicated by the 
higher respiration rate/MBC ratio, possibly because less 
time had passed since the last rewetting (18 h compared to 
24 h), and hence, respiration rates were still higher. But in 

Table 2  Respiration rate/MBC 
ratio on days 1–3, 7 and 14 after 
rewetting in soils incubated dry 
for 14 days before rewetting 
rapidly to 50% WHC only 
once (RR50), partially to 25% 
WHC only once (PR25) or 
slowly to 50% WHC by two 
applications at 25% WHC each 
with 6 h (SR6), 12 h (SR12), 
36 h (SR36) or 60 h (SR60) 
interval between the two 
rewetting events, or maintained 
constantly moist (CM), without 
amendment (unamended) or 
with faba bean residue

Means within a column followed by different lower-case letters are significantly different for the amend-
ment × moisture treatment interaction (P ≤ 0.05, n = 3). Upper-case letters indicate significant difference 
across sampling times for each treatment. Data for CM in the column titled “Days 1–3” is average of days 
1, 2 and 3. For slow rewet treatments, values are for the first day after the second rewetting

Amendment Moisture treat-
ment

Days 1–3 Day 7 Day 14

Unamended CM 13.3 ± 3.7 abC 10.0 ± 0.0 bcAB 2.8 ± 1.0 abA
RR50 20.8 ± 1.4 bcC 15.3 ± 0.0 dB 4.0 ± 0.3 bcA
PR25 11.4 ± 0.3 aB 10.2 ± 1.9 bcBC 3.3 ± 0.1 bA
SR6 27.9 ± 1.0 dC 4.2 ± 4.3 aA 1.5 ± 1.0 aA
SR12 19.6 ± 0.0 bcC 10.4 ± 1.4 bcB 2.0 ± 1.8 aA
SR36 30.0 ± 0.3 dC 9.8 ± 3.4 bcB 4.3 ± 0.4 bcA
SR60 73.1 ± 8.7 eC 12.3 ± 1.3 cA 3.3 ± 0.3 bA

Amended CM 17.3 ± 0.5 bcB 10.4 ± 2.6 bcA 8.8 ± 2.4 dA
RR50 16.4 ± 2.1 bcB 10.7 ± 4.2 bcAB 5.6 ± 0.1 cA
PR25 15.8 ± 0.8 abC 8.7 ± 1.0 abB 4.2 ± 1.0 bcA
SR6 28.6 ± 2.3 dC 14.6 ± 1.0 dB 8.1 ± 0.6 dA
SR12 19.7 ± 0.7 bcAB 20.4 ± 1.3 eB 7.1 ± 0.7 cdA
SR36 24.8 ± 1.1 cdC 18.0 ± 1.0 deB 8.1 ± 0.3 dA
SR60 28.8 ± 0.0 dC 19.8 ± 0.0 eB 8.3 ± 1.7 dA
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amended soil, the increases in  K2SO4-extractable  NH4 and 
available N on days 1 and 7 compared to CM were smaller 
in SR6 than in RR50. This indicates that microbes in SR6 
had less access to organic N possibly because there was less 
aggregate breakdown and release of bound organic matter 
than in RR50 (Najera et al. 2020). The smaller increase in 
 K2SO4-extractable  NH4 than in RR50 is in contrast to our 
previous study (Erinle et al. 2021) with soil collected from 
the same site where  K2SO4-extractable  NH4 was higher in 
the treatment corresponding to SR6 than in the treatment 
corresponding to RR50 whereas available N was lower. 
However,  K2SO4-extractable  NH4 and available N were 
lower in the previous study than in the current study suggest-
ing that microbes were more N limited in the former. The 

soil was stored dry for a year between the two experiments. 
Although microbial activity is low in dry soil, N mineralisa-
tion may have occurred by microbes tolerant to low water 
content (Parker and Schimel 2011; Schaeffer et al. 2017), as 
well as by extracellular enzymes located in small, still water-
filled pores (Blankinship et al. 2014). Due to the higher N 
availability in the present study, up to fourfold differences 
in  K2SO4-extractable  NH4 among treatments 1 day after the 
final rewetting had no impact on available N which differed 
little among treatments.

We had hypothesised that as time between rewetting 
events increases, microbial activity that was increased 
after the first rewetting would become low due to limited 
water and substrate availability. Additionally, substrate 

Fig. 3  K2SO4-extractable 
ammonium (mg kg  soil−1) on 
days 1–3, 7 and 14 after rewet-
ting of soil previously dry for 
14 days before rewetting rapidly 
to 50% WHC only once (RR50), 
partially to 25% WHC only 
once (PR25) or slowly to 50% 
WHC by two applications at 
25% WHC each with 6 h (SR6), 
12 h (SR12), 36 h (SR36) or 
60 h (SR60) interval between 
the two rewetting events, or 
maintained constantly moist 
(CM), without amendment 
(unamended) or amended with 
faba bean residue. For each 
period separately, columns 
with different lower-case letters 
indicate significant differences 
for the amendment × moisture 
treatment interaction (P ≤ 0.05, 
n = 3 ± standard error). Upper-
case letters indicate significant 
differences in total cumulative 
respiration for the amend-
ment × moisture treatment inter-
action (P ≤ 0.05, n = 3 ± stand-
ard error). The * indicates 
an increase and # indicates 
a decrease in concentration 
compared to previous sampling 
time. Data of CM, RR50 and 
PR25 in panel A is average of 
days 1, 2 and 3
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availability may be low because of decomposition after 
the first rewetting. Then, after the second rewetting event, 
microbes are activated again, but respiration would be 
lower than with 6 h between events (hypothesis 2). This 
hypothesis was supported by the lower respiration rate and 
lower MBC on day 1 in SR12 (12 h between the two rewet-
ting events) compared to SR6. However, the ratio of respi-
ration rate/MBC was lower in SR12 than SR6. Thus, with 
the longer interval between rewetting events, the microbes 
utilised C more efficiently after the second rewetting. A 
possible explanation is that the 12 h at 25% WHC allowed 

activation of microbial genotypes that utilised C more 
efficiently whereas the 6-h interval in SR6 was too short 
for this to occur. Previous studies showed that microbial 
community composition changes within a day after rewet-
ting (Blazewicz et al. 2020; Liu et al. 2019). The greater C 
utilisation efficiency in SR12 may also be due to activation 
of previously inactive bacteria by rewetting (Engelhardt 
et al. 2019). The longer interval between the two rewetting 
events had little effect on N mineralisation and immobili-
sation as available N and  K2SO4-extractable  NH4 differed 
little between SR6 and SR12.

Fig. 4  Available N (mg kg 
 soil−1) on days 1–3, 7 and 14 
after rewetting of soil previously 
dry for 14 days before rewetting 
rapidly to 50% WHC only once 
(RR50), partially to 25% WHC 
only once (PR25) or slowly 
to 50% WHC by two applica-
tions at 25% WHC each with 
6 h (SR6), 12 h (SR12), 36 h 
(SR36) or 60 h (SR60) interval 
between the two rewetting 
events, or maintained constantly 
moist (CM), without amend-
ment (unamended) or amended 
with faba bean residue. For 
each period separately, columns 
with different lower-case letters 
indicate significant differences 
for the amendment × moisture 
treatment interaction (P ≤ 0.05, 
n = 3 ± standard error). Upper-
case letters indicate significant 
differences in total cumulative 
respiration for the amend-
ment × moisture treatment inter-
action (P ≤ 0.05, n = 3 ± stand-
ard error). The * indicates 
an increase and # indicates 
a decrease in concentration 
compared to previous sampling 
time. Data of CM, RR50 and 
PR25 in panel A is average of 
day 1, 2 and 3
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With 36 h between the two rewetting events (SR36), 
the flush of respiration was similar as in SR12 in amended 
soils, but smaller in unamended soils. This suggests that 
in amended soil despite the low water content, the soil 
microbes were able to maintain a relatively high activity 
over 36 h after the first partial rewetting due to the increased 
substrate availability. Thus, they could rapidly respond to 
additional substrate released by the second rewetting. In 
unamended soil on the other hand, the low water content 
apparently limited microbial activity to such an extent that 
they could not fully take advantage of the increased substrate 
availability after the second rewetting. Although the flush of 
respiration in SR36 in amended soil was similar as in SR12, 
MBC and  K2SO4-extractable  NH4 on the first day after the 
second rewetting were lower than in SR12 in both amended 
and unamended soil. Thus, C use efficiency was lower in 
SR36; i.e. the respiration rate/MBC ratio was higher than 
in SR12.

The smaller respiration flush and low MBC and 
 K2SO4-extractable  NH4 in SR60 (60 h between the two 
rewetting events) than SR12 can be explained by the low 
activity of the microbes after day 2 as indicated by the low 
respiration rate in PR25. Additionally, the higher respiration 
rate after the first rewetting than in air-dry soil (correspond-
ing to that measured on day 0 before rewetting) indicates that 
some decomposition occurred between the two rewetting 
events which would reduce substrate availability after the 
second rewetting, particularly with the 60-h interval between 
the two rewetting events and in unamended soil. The ratio 
of respiration rate/MBC was higher in SR60 than SR12 due 
to the very low MBC in SR60, particularly in unamended 
soil. This suggests that microbial growth after the second 
rewetting in SR60 was strongly C limited while the energy 
generated by respiration was used for survival mechanisms 
and cellular repair (Tiemann and Billings 2011).

Compared to the pronounced differences in MBC and res-
piration in the first 3 days among rewetting treatments, dif-
ferences in extractable OC were small. Thus, substrate avail-
ability did not seem to limit microbial growth or respiration. 
However, extractable OC does not reflect substrate avail-
ability to microbes in rewetted treatments in the first 3 days 
because the extraction is carried out at a 1:4 soil:extractant 
ratio. In the soil between the two rewetting events, microbial 
substrate access was limited due to the low water content 
leading to accumulation of water-extractable OC (Kaiser 
et al. 2015). The accumulated OC released upon rewetting 
soil (Slessarev et al. 2020) was then utilised for respiration 
and growth. This strong fluctuation in OC in rewetted treat-
ments is not reflected in extractable OC.

Although the size of the respiration flush after the second 
rewetting and microbial biomass decreased with increasing 
time between the two rewetting events, total cumulative 
respiration during the 2 weeks differed little among slow 

rewetting treatments. Thus, with longer interval, the lower 
cumulative respiration in the first 7 days was mostly com-
pensated by higher cumulative respiration between day 7 
and day 14.

This experiment was conducted without growing plants. 
Presence of plants is likely to affect the influence of rewet-
ting of dry soil due to root exudates which serve as substrate 
for microbes and competition between plants and microbes 
for nutrients and water which in turn are influenced by soil 
water availability (Dijkstra et al. 2012).

Conclusion

Slow rewetting can increase the flush of respiration com-
pared to rapid rewetting, but not microbial biomass. How-
ever, the respiration flush was only higher than with rapid 
rewetting if the second partial rewetting event occurred 6 h 
after the first. A longer interval resulted in a lower respira-
tion flush and lower microbial biomass. Nevertheless, total 
cumulative respiration differed little among slow rewetting 
treatments. Together with the similar MBC among moisture 
treatments on days 7 and 14, this indicates that a longer 
interval between partial rewetting events is unlikely to 
strongly influence soil respiration and microbial biomass in 
the longer term compared to rapid rewetting. In this study, 
the soil was exposed to only one dry-rewet cycle. With rapid 
rewetting of dry soil, repeated exposure to drying and rewet-
ting events has been shown to reduce the size of the respira-
tion flush which has been explained by substrate depletion 
and adaptation of soil microbes (Evans and Wallenstein 
2012; Fierer et al. 2003; Mikha et al. 2005). Future stud-
ies could investigate if the effect of repeated slow rewetting 
events follows the same pattern. Also of interest would be 
to assess which microbial genotypes are active, dormant or 
dead during the dry period and after rewetting.
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