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Abstract
Two patterns of bacterial growth response upon drying and rewetting (DRW) of soils have previously been identified. Bacterial growth can either start increasing immediately after rewetting in a linear fashion (“type 1” response) or start increasing
exponentially after a lag period (“type 2” response). The effect of repeated DRW cycles was studied in three soils with different response patterns after a single DRW cycle (“type 1”, “type 2” with a short lag period and “type 2” with a long lag
period). The soils were exposed to seven DRW cycles, and respiration and bacterial growth were monitored after 1, 2, 3, 5,
and 7 cycles. Exposure to repeated DRW shifted the bacterial growth response from a “type 2” to a “type 1” pattern, resulting in an accelerated growth recovery to a pre-disturbance growth rate. Bacterial growth in soils that initially had a “type 1”
response also tended to recover faster after each subsequent DRW cycle. The respiration patterns after DRW also indicated
the same transition from a “type 2” to a “type 1” pattern. Our results show that exposure to repeated DRW cycles will shape
the bacterial response to future DRW cycles, which might be mediated by a shift in species composition, a physiological
adjustment, evolutionary changes, or a combination of the three.
Keywords Drying-rewetting cycles · Birch effect · Bacterial growth · Respiration · Soil microorganisms · Moisture

Introduction
Soil moisture is one of the canonical factors regulating soil
microbial community composition and activity (Waksman
and Gerretsen 1931; Kirchman 2018). Soil moisture not only
affects steady-state rates of microbial processes (Manzoni
et al. 2012), but fluctuations in moisture will also cause
dynamics of microbial activity. Especially drastic changes
in soil moisture, like drying and rewetting (DRW) cycles,
lead to one of the most dynamic events in soil microbial
ecology (Schimel 2018). When a dry soil is rewetted, a large
release of CO2 to the atmosphere is observed (Birch 1958;
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Kim et al. 2012), which can account for a significant C loss
of ecosystems (Schimel et al. 2007; Manzoni et al. 2020).
Most terrestrial ecosystems are exposed to fluctuations
in moisture availability. Consequently, soil microbial communities are generally exposed to DRW events. During those
events, changes in microbial growth and biomass (Bottner
1985; Kieft et al. 1987; Iovieno and Bååth 2008), as well as
in nutrient mineralization and availability, take place (Birch
1958; Fierer and Schimel 2002). DRW cycles can be single
events, but it is common that soils are exposed to repeated
DRW cycles during the year (Jarvis et al. 2007; Inglima
et al. 2009). The effects of DRW cycles on soil C mineralization have frequently been studied in soils from different
ecosystems, both in the field (Xu et al. 2004; Tang et al.
2005; Jarvis et al. 2007) and in the laboratory (Orchard and
Cook 1983; Mikha et al. 2005; Xiang et al. 2008; Shi and
Marschner 2014). In laboratory studies, C mineralization has
been found to generally decrease with increasing number
of DRW cycles, which has been linked to the depletion of
available C (Fierer and Schimel 2002; Mikha et al. 2005).
In addition, it has been suggested that soil microbial communities that have been exposed to repeated DRW cycles
may become more resistant to an additional DRW cycle
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(Fierer et al. 2003; Evans and Wallenstein 2014a). This is in
line with other studies suggesting that exposure to repeated
DRW cycles can select for faster growing microorganisms
(Fierer and Schimel 2002; Evans and Wallenstein 2012) that
can recover to a pre-disturbance state more rapidly (de Nijs
et al. 2019). These changes in the community can persist for
several weeks after the disturbances (Meisner et al. 2018).
When dry soils are rewetted, bacterial growth and respiration have been shown to be transiently uncoupled (Iovieno
and Bååth 2008; Göransson et al. 2013). While respiration
rates show high rates immediately after rewetting, bacterial growth rates are very low immediately after the disturbance. Two different bacterial growth response patterns
upon DRW have been identified (Meisner et al. 2013). On
the one hand, bacterial growth rates start increasing immediately after rewetting in a linear fashion reaching a maximum
level, coinciding with an immediate increase in respiration
rate after rewetting followed by an exponential decline to
moist control levels (henceforth, “type 1” response) (Iovieno
and Bååth 2008). On the other hand, bacterial growth rates
start to increase exponentially after a clear lag period with
no increase in growth (Göransson et al. 2013). In this case,
respiration also increases immediately after rewetting but is
then sustained over some time, sometimes with a secondary increase in sync with the bacterial growth rate increase.
Eventually, respiration decreases to levels matching those
before the DRW (henceforth, “type 2” response) (Meisner
et al. 2013).
It has been proposed that the bacterial response to DRW
will be shaped by the “harshness” of the disturbance as perceived by the bacteria (Meisner et al. 2017). Bacterial communities that experience the drought as a “harsh” treatment
will need a longer time to increase their growth rate after
rewetting, resulting in a lag period before bacterial growth
rates increase (“type 2” response). In contrast, bacteria that
experience the drought event as less “harsh” will increase
their growth rates immediately upon rewetting (“type 1”
response). Even if harshness is not an absolute quality, it
may still be useful as a relative attribute. Thus, longer drying periods and drying soils to very low moisture levels both
are considered “harsher” conditions, resulting in “type 2”
response (Meisner et al. 2015, 2017). There are indications
that bacteria may experience drying-rewetting cycles as less
harsh when they are exposed to three DRW cycles in a temperate dry heathland soil, turning a “type 1” response into
a “type 2” one (de Nijs et al. 2019). This suggests that with
each subsequent DRW cycle, the bacterial community experiences the DRW disturbance as less “harsh” due to previous
exposure to a DRW cycle. However, it remains unknown
whether this pattern can be generalized to different soils with
different response types to single DRW events, as well as
how bacteria will respond when exposed to a higher number
of DRW cycles.
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In the present study, we exposed three different soils to
seven DRW cycles. We selected soils to cover a range of
bacterial growth patterns upon one DRW cycle. The soils
were subjected to seven DRW cycles, and bacterial growth
and respiration were followed to characterize the response
to rewetting. Based on previous studies, we chose two soils
with a “type 2” response but with different lag periods, as
well as one soil that exhibited a “type 1” response with no
lag period. We hypothesized that repeated DRW cycles
would change the bacterial response after rewetting. This
would be seen as a (i) reduction and eventual loss of the lag
period for bacterial growth, that is a gradual transition from
a “type 2” response to a “type 1” response, a (ii) gradual
reduction in the recovery time to pre-DRW growth rates, and
(iii) a shift from a sustained respiration response (“type 2”)
to an immediate maximum followed by continually decreasing respiration rates (“type 1”).

Materials and methods
Soils
Based on previous studies, three soils were selected for the
experiment with different response patterns upon rewetting.
One was a managed grassland soil from south Sweden, classified as a sandy loamy brown earth soil (soil S; pHwater = 6.5;
SOM by loss on ignition (600 °C) = 8.4%, WHC = 109.4%).
The soil exhibited a “type 1” bacterial growth response after
air-drying and rewetting (Fig. 1A). This soil was previously
studied by Meisner et al. (2013). The other two soils exhibited a “type 2” bacterial growth response after air-drying
and rewetting (Fig. 1A). One of them was collected in
Greenland (soil G), and was a soil formed by quaternary
deposits on pre-quaternary formations of crystalline, breccia, and plateau basalt lavas (pHwater = 6.8; SOM = 2.6%,
WHC = 45.5%), which was previously described by Meisner
et al. (2017). The other soil was a mixture of soils collected
under Alder (Alnus glutinosa) or Beech (Fagus sylvatica)
monocultures in Wales (soil W) previously described by
Göransson et al. (2013). Both soils were fine loamy brown
soils and were mixed since they both exhibited the same bacterial response upon rewetting (pHwater = 5.5; SOM = 7.9%,
WHC = 74.3%). Soils were sampled in autumn 2014 and
the experiments were run within 3 months after sampling.
Meanwhile, soils were stored field moist at 5 °C. All soils
were then wet-sieved in the laboratory using a 2-mm mesh
size before starting the experiment.

Experimental drying and rewetting cycles
All soils were exposed to 7 repeated DRW cycles (Fig. 1B).
For each soil, 6 microcosms (500 mL plastic beakers with
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Fig. 1  A Schematic representation of the bacterial growth response to
a single 4-day drying and rewetting cycle of the three soils that were
used for the experiment. The full black line (soil S) indicates a “type
1” bacterial growth response and the blue (soil W) and red (soil G)
dashed lines indicate the “type 2” responses with different lag periods. The dashed horizontal line indicates the bacterial growth level of

continuously moist soils, which was used to standardize growth data.
Since the shown curves are standardized curves, the moist control
growth rates equal 1 in the three soils, and thus a single dashed line is
shown. B Experimental design indicating changes in the soil moisture
during the repeated drying and rewetting cycles. The arrows indicate
when the measurements were taken

lids) were prepared with 60 g of fresh soil. To dry the
soils, microcosms were left without lids under a ventilator
at room temperature (~ 22 °C) for 4 days until they were
air-dried (i.e., they reached a constant weight). Then, soils
were rewetted to optimum moisture, that is, 50% of their
maximum water holding capacity (WHC). Distilled water
was added to the dry soil using a pipette and soil was then
mixed with a spatula for approximately 10 s. After rewetting,
soils were sampled, measured, and kept in a temperaturecontrolled room at 17 °C.
Bacterial growth and respiration were measured during
48 h after rewetting. This time frame after rewetting has
previously been shown to capture the growth and respiration
dynamics after rewetting (Meisner et al. 2013). In order to
allow high frequency of measurements during 24 h, soils
were rewetted in 2 sets, one rewetted in the evening and the
other rewetted in the morning and measured in parallel as
previously described (Meisner et al. 2013, 2015, 2017). For
bacterial growth, samples were taken approximately every
2 h, whereas for respiration, samples were taken for the following time periods: 0 to 6 h, 6 to 24 h, and 24 to 48 h.
Bacterial growth and respiration were measured after cycles
1, 2, 3, 5, and 7 by destructive sampling of one of the microcosms. The whole experiment was repeated twice with the
three different soils.
Controls for each cycle consisted of soils from the previous cycle that was maintained at 50% WHC. One microcosm
was moistened to 50% WHC a week before the experiment
started and kept moist as a control soil for the first DRW
cycle. For the following cycles, soil from the previous cycle
was kept moist to use as a control. Thus, the control for the
3rd DRW had undergone 2 cycles and then been kept moist
and so on. When the soils exposed to DRW cycles were

rewetted and mixed, control soils were also mixed in parallel
with cycled soils although no water was added.

Measurements
Bacterial growth
Leucine incorporation into bacterial proteins was measured as a proxy for bacterial growth. Measurements of leucine incorporation were done essentially according to the
homogenization/centrifugation technique (Bååth 1994),
using modifications by Bååth et al. (2001). Shortly, 1 g of
soil was weighed into a 50-mL centrifuge tube and mixed
with 20 mL of distilled H
 2O for 3 min using a multivortex
shaker. The soil–water mixture was then centrifuged at low
speed (10 min at 1000 g), which resulted in a supernatant
with bacterial suspension. A total of 1.5 mL of the suspension was placed into 2-mL microcentrifugation vials and
incubated with radioactively labelled leucine (Leu) for 1 h
at 17 °C. The added mixture consisted of 2 μl of 1-[4,5-3H]Leucine (5.7 TBq m
 mol−1, Perkin Elmer, USA) and unlabeled Leu which resulted in a final concentration of 275 nM.
After incubation, growth was terminated by adding 75 µL
of 100% trichloroacetic acid (TCA) resulting in a final concentration of 5% TCA. Non-incorporated Leu was washed
away following the washing steps described by Bååth et al.
(2001). Finally, 1 mL of scintillation cocktail (Ultima Gold;
PerkinElmer, USA) was added to the sample and radioactivity was measure using a liquid scintillation counter (PerkinElmer Liquid Scintillation Analyzer, Tri-Carb 2910 TR).
Obtained values are presented as pmol Leu incorporated g−1
dry soil h−1.
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Respiration
Average respiration rates were estimated using gas chromatography for the following time periods: 0–6 h, 6–24 h, and
24–48 h. One gram of soil was weighed into 20-mL glass
vials. The vials were then purged with pressurized air to
have a constant initial background level of CO2 in all samples and sealed. Samples were incubated for the appropriate
amount of time and the C
 O2 production was quantified using
a gas chromatograph equipped with a methanizer and an FID
detector. Due to technical errors with the gas chromatograph,
respiration rates in cycle 5 could not be measured.

growth, B and C are mathematical parameters modelling the
slope and the curvature when bacterial growth is exponential, and finally, D is the growth rate before the beginning of
the exponential growth.
After modelling bacterial growth, additional parameters
that describe the bacterial growth pattern characteristics
were estimated. (i) The lag period indicates time-point at
which the bacterial growth rates start increasing exponentially. The lag period is 0 h in the “type 1” responses and is
calculated using Eq. 3 in the “type 2” responses (Zwietering
et al. 1990).

Lag phase =

Data analysis
Bacterial growth
Bacterial growth rates after rewetting were normalized to the
control soil growth rates. For the 5th cycle, due to technical
issues, we did not have a control soil; instead, the average
value of the 3rd and 7th cycle was used to normalize the
data.
Since two different patterns after rewetting dry soil were
found in the experiment, two types of models were used
to model bacterial growth after rewetting (Meisner et al.
2017). When bacterial growth started immediately (“type
1” response), two linear curves were used to model the
response; one for the immediate increase and a second to
describe the stable/decreasing phase of the growth. These
two curves were separated by the point where bacterial
growth reached a maximum that is an inflection point. The
inflection point was estimated using a “broken stick model”
(Toms and Lesperance 2003) according to the following
equation (Leizeaga et al. (2020) using JMP Pro 15 (SAS
institute)).

y = b0 + b1 (x) + b2 (x − C)+ + 𝜖

(1)

where x is the time after rewetting, b 0 is the intercept, C is
the inflection point and finally, b1 is the slope before the
inflection point, and b2 is the difference in slope after the
inflection point. The inflection point is b1 + b2. The variable
(x-C)+ takes the value of 0 for values of x < C, and the values
(x-C)+ for values x > C.
When bacterial growth after rewetting showed a lag
period before it started increasing exponentially (“type 2”
response), the response was modelled using a Gompertz
equation described by Zwietering et al. (1990):
B−Cx

Bacterialgrowth = D + A ∗ e−e

(2)

where x is the time after rewetting, A is the difference
between the initial growth after rewetting and the maximum
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(3)

(ii) The recovery time was also estimated, which indicates
the time that the bacterial growth needs to reach the bacterial
growth rates at the moist control soil (50% WHC).
Spearman’s rank correlations were used to test the effect of
increasing number of DRW cycles in the lag periods and recovery times. Number of DRW cycles was regarded as an ordinal
variable and lag periods and recovery times were continuous.
Respiration
The “type 1” response is distinguished by high respiration
immediately after rewetting, which then declines exponentially. The “type 2” response have a more constant respiration over time or even lower respiration immediately
after rewetting than later on. Thus, to be able to compare
the respiration response type of all three soils after each
DRW cycle, soil respiration was measured 0–6 h, 6–24 h,
and 24–48 h after rewetting. Then a respiration index (RI)
of early respiration divided with later respiration was calculated similar to Slessarev et al. (2020). We used the 0–6 h
and 24–48 h time periods. This ratio was then log-transformed. A “type 1” respiration pattern, where respiration is
highest early after rewetting, is characterized by a higher RI;
a “type 2” respiration pattern, with similar or even higher
respiration in the latter compared to the early phase, will
have lower values (Rath et al. 2017; Slessarev et al. 2020).
Spearman’s rank correlations were used to test the effect
of increasing number of DRW cycles in the RI. Number of
DRW cycles was regarded as an ordinal variable and RI was
continuous. All the statistical analyses were performed using
JMP Pro 15 (SAS institute).

Results
Bacterial growth
Bacterial growth after rewetting responded differently
to an initial cycle of DRW in the three soils (Fig. 1A), as

Biology and Fertility of Soils (2022) 58:365–374

anticipated. Soil S exhibited a “type 1” response where the
bacterial growth rate started increasing in a linear fashion
immediately after rewetting. In contrast, bacterial growth in
the W and G soils exhibited a “type 2” response, where a lag
period with almost no growth was followed by exponential
growth. The “type 1” soil exhibited a faster recovery to bacterial growth levels in a continuously moist soil compared
to the “type 2” soils, with recovery times of 8.5 h, 25.0 h,
and 32.7 h, in soils S, W, and G, respectively. The “type 2”
soils exhibited higher maximum growth rates relative to the
control, with maximal levels 5.6 and 13.5-fold higher than in
the continuously moist soils for soils W and G, respectively.
Soil G had a longer lag period, 20.6 h, than did soil W, 8.1 h.
The exposure to repeated DRW cycles in a “type 1”
response soil (soil S) resulted in a consistent “type 1”
response pattern after each subsequent DRW cycle (Fig. 2A).
In contrast, exposing soils G and W, with initial “type 2”
responses, to repeated DRW cycles resulted in a gradual
transition from a “type 2” to a “type 1” response (Figs. 2B,
C, D). After the second DRW cycle, these soils still exhibited a “type 2” response, but with a shorter lag period. From
the third DRW cycle and on, bacterial growth in these soils
always exhibited a “type 1” response after rewetting without
a lag period.
The characteristics of the bacterial growth response
after rewetting changed with the exposure to additional
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DRW cycles, even when the type of response was the
same (Fig. 3). The lag period decreased with the number
of cycles in the soils that exhibited a “type 2” response
(Fig. 3A). The lag period in soil W decreased from 8.1 to
1.4 h from the first to the second cycle, whereas in soil G,
it decreased from 20.6 to 4.9 h. After three DRW cycles,
the lag period had disappeared for both soils, having transitioned into a “type 1” response. Increasing the number
of cycles gradually decreased the recovery time (Fig. 3B).
A decrease was observed during the first 3 cycles in the
soils G and W (“type 2” soils), linked to the reduction and
loss of the lag period. In soil W, no further decrease in the
recovery time was observed after the third cycle, resulting in a non-significant tendency for a shorter recovery
time with more DRW cycles (ρ =  − 0.80, p = 0.20). Soil
G decreased its recovery time with each subsequent DRW
cycle (Fig. 3B). There was also a decrease in the recovery time with increasing number of DRW cycles in soil
S, which had an initial “type 1” response (Fig. 3B). The
recovery time decreased from 8.5 h after the first DRW
cycle to 3.1 h in the last cycle. Thus, even though there
was no change in the response pattern for soil S, bacterial
growth needed less time to reach control levels after with
subsequent DRW cycles.

Fig. 2  Bacterial growth
responses to repeated 4-day drying and rewetting in soils from
A Soil S, B Soil W, and C, D
Soil G. Panel D is a magnification of C using only the first
25 h after rewetting as indicated
by dashed square in panel C.
The bacterial growth values
are normalized to the control
(y = 1), that is, to the level of
bacterial growth of a soil that
has undergone one fewer cycle
of drying and rewetting. The
data points represent the average values of the 2 experiments
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Soil G behaved similarly to soil W, although after the first
DRW cycle, the respiration rate even increased during the
24- to 48-h period after rewetting (Fig. 4C). After the second cycle, the respiration rate was sustained during the
first 12 h after rewetting and then decreased. After cycles 3
and 7, the respiration rate showed an exponential decrease
after the immediate peak after rewetting.
A respiration index (RI) was calculated to better capture the two types of respiration responses. The RI differed between the “type 1” and “type 2” soil after the first
cycle. Soils W and G had low values of RI, typical for a
“type 2” response (Fig. 5), while soil S had high RI values characteristic of a “type 1” pattern. Soil S showed a
stable RI during subsequent DRW cycles, indicating that

Fig. 3  Bacterial growth characteristics after repeated 4-day drying
and rewetting cycles: A lag period and B recovery time. Black circles and full line indicate soil S, blue triangles and stippled line soil
W, and red squares with stippled line soil G. Data points are means
(± SE, n = 2). We used the average rates of the moist control of cycle
3 and cycle 7 to be able to calculate the recovery time of cycle 5.
The blue inverted triangle without filling indicates an outlier. Brackets next to each curve are the Spearman’s correlation coefficient and
p-value (ρ and p, respectively)

Respiration
Exposure to repeated DRW cycles generally decreased
respiration rates (Fig. 4), but different respiration
response patterns upon rewetting were observed. Respiration in soil S peaked immediately upon rewetting
and then decreased exponentially after each DRW cycle
(a “type 1” respiration pattern), starting from a lower
level with each DRW cycle (Fig. 4A). However, soils
W and G had different respiration responses depending on the number of DRW cycles that they had been
exposed to (Fig. 4B–C). After the first cycle, the respiration rate increased immediately upon rewetting for
soil W, and was then sustained during the remaining
measurement period, suggesting a largely maintained
respiration rate during at least 48 h (a “type 2” respiration pattern). After the second cycle, the respiration rate
peaked immediately and then decreased. This decrease
was even more pronounced after DRW cycles 3 and 7.
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Fig. 4  Respiration rates after repeated 4-day drying and rewetting
cycles in A soil S, B soil W, and C soil G. Data points are mean respiration rates (± SE, n = 2)
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there was no shift in the response pattern. Soils W and
G both had a transition from low values of RI to higher
values during the first two DRW cycles. Then, RI was stable over the subsequent cycles for these soils. However,
using a Spearman’s rank correlation revealed no statistically distinguishable patterns between RI and number of
DRW cycles (Fig. 5).

Discussion
Previous studies have described two types of bacterial
response patterns to DRW (Iovieno and Bååth 2008;
Göransson et al. 2013; Meisner et al. 2013, 2017; de
Nijs et al. 2019). Those studies cover a wide range of
responses: from an immediate increase of the growth rate
after rewetting (“type 1”) to a 20-h lag period before the
exponential increase of the growth rate (“type 2”). Here,
we use three different soils that cover the whole range: soil
S as a “type 1” soil, soil W as an intermediate “type 2” soil
with an 8.1-h lag period, and soil G as an extreme “type
2” soil with a 20.6-h lag period.
Exposing a “type 2” soil to repeated DRW cycles
shifted the response pattern upon rewetting to a “type 1”
pattern: the lag period was first shortened and eventually disappeared with increasing number of DRW cycles
(Fig. 2B–D). This was in line with our predictions and verifies observations by de Nijs et al. (2019), who showed that
exposing one soil to two repeated DRW cycles shifted the
response pattern from a “type 2” to a “type 1”. However,

Fig. 5  Respiration index (RI) for “type 1” and “type 2” responses calculated as Log [respiration (0–6 h)/respiration (24–48 h)]. Lower values of the RI indicate a “type 2” pattern while higher values indicate
a “type 1” pattern. Black circles and full line indicate soil S, blue triangles and stippled line soil W, and red squares with stippled line soil
G. Data points are mean values (± SE, n = 2). Brackets next to each
curve are the Spearman correlation coefficient and p-value (ρ and p,
respectively)
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our study not only shows the transition in the response
pattern, but also shows that this is a gradual transition, as
indicated by the recovery times of bacterial growth rates.
Thus, “type 1” and “type 2” can be considered extreme
levels on a continuum. In addition, in line with our hypothesis, when the “type 1″ response soil (soil S) was subjected
to repeated DRW cycles, a more rapid recovery time to a
pre-disturbance growth level with each subsequent DRW
cycle was observed (Fig. 3B), indicating that the bacterial
community in this soil also had been affected by repeated
disturbances. This gradual decrease in the recovery time
with increasing number of DRW cycles was thus a general
pattern observed in the three studied soils, which was in
line with our expectation (Fig. 3B).
Bacterial growth measured at a high temporal resolution after rewetting has mostly been used to differentiate
between the “type 1” and “type 2” response patterns (e.g.
Meisner et al. 2013; Rath et al. 2017), since it is a sensitive metric to differentiate between a long lag period or
an immediate increase in growth after rewetting. In contrast, soil respiration is often measured at a lower temporal
resolution after rewetting a dry soil and therefore does not
capture these two types of response patterns (Miller et al.
2005; Xiang et al. 2008; Butterly et al. 2009). However,
we have identified a few studies with high temporal resolution where these two response patterns could be distinguished (Göransson et al. 2013; Fraser et al. 2016; Sawada
et al. 2016; Slessarev et al. 2020). In a recent study, Slessarev et al. (2020) suggested the use of a respiration index
between early and late respiration after rewetting in order
to differentiate these patterns. Here, we used a similar
respiration index (RI; Fig. 5), showing that we can distinguish between “type 1” and “type 2” responses based
on early and late respiration rates. However, more work
should be done to determine the threshold in the RI to
be able to distinguish the presence of a lag period in the
growth responses using respiration assessments. In soils
W and G, there was a shift from a sustained response of
respiration after rewetting to a response where the respiration was decreasing rapidly after the immediate increase
after rewetting, which resulted in an increase of the RI
consistent with a transition from a “type 2” to a “type
1 response (Figs. 4B–C). Similar results can be deduced
from respiration data on tropical soils from Thailand and
Japan by Sawada et al. (2016), where five DRW cycles
resulted in those soils shifting from a “type 2” to a “type
1” response pattern. Fraser et al. (2016) subjected a grassland soil from Wales to four DRW cycles, also resulting
in a shift in the response pattern, detectable by respiration
data. In the study by Slessarev et al. (2020), the DRW
response of several Californian soils was studied. During
the preparation of the soils for experiments, they were subjected to one cycle of DRW. Thus, the soils were actually
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exposed to two DRW cycles. The authors found a large
proportion of “type 1” responses, which also matches our
observations: some soils might actually have had a “type
2” response during the first DRW cycle, which might have
been shifted to a “type 1” response after the second cycle.
Taken together, the transition of soils having a “type 2”
to a “type 1” response after repeated DRW cycles appears
to be a general phenomenon that careful consideration of
previously published respiration results can confirm.
The exposure to repeated DRW cycles resulted in bacterial communities that were less constrained by the disturbance, and therefore could recover their growth rates faster,
even if the conditions of the DRW treatment did not change.
A potential driver for differences in microbial responses to
DRW could be the reduction of microbially assimilable C
with each added cycle. However, a previous study showed
that the storage of moist soil samples (which causes depletion of available C) before DRW would shift response patters
from a “type 1” to a “type 2” which is the opposite pattern
that we find here. Thus, we interpreted the observed shift as
the bacterial community perceiving the same disturbance as
less “harsh” after repeated DRW cycles. The response pattern upon rewetting has been suggested to be determined by
the “harshness” of the disturbance as perceived by microbes,
with a less “harsh” disturbance resulting in a “type 1”
response and “harsher” one in a “type 2” response (Meisner
et al. 2017). This results in a continuum of responses rather
than in a “type 1” and “type 2” dichotomy. Thus, “type 1”
and “type 2” responses can be considered extreme levels
on this continuum. A partial drying is a less “harsh” disturbance for the microbes, which results in a “type 1” response
while air-drying results in a “type 2” response (Meisner et al.
2017). Prolonged drying (a “harsh” treatment) results in a
change from a “type 1” to a “type 2” response with increasing lag times (Meisner et al. 2013, 2015). The combination
of drought with inhibitors (e.g. salt, which alters osmotic
conditions) results in even “harsher” drying conditions,
resulting in a shift from a “type 1” to a “type 2” response
(Rath et al. 2017). In all these studies, differences in the
extent of the disturbance were the mechanism explaining differences in the “harshness”. However, in the present study,
we subjected the soils to a standardized disturbance in each
cycle: 4 days air-drying followed by rewetting to 50% WHC.
Thus, bacterial communities were affected differently by the
same perturbation, suggesting that they perceived the same
DRW disturbance as less “harsh”. The decrease in the perceived “harshness” with the higher exposure to DRW cycles
thus changed the response upon rewetting from a “type 2” to
a “type 1”. Therefore, we show that soil bacterial communities not only respond differently to DRW due to variation in
the disturbance conditions shown by previous studies (Meisner et al. 2013, 2015, 2017; Rath et al. 2017), but also that
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a community adjustment to perceive the DRW disturbance
as less “harsh” can result in a shift in the response pattern.
There are three main explanations for the shift in bacterial
response patterns after repeated DRW cycles. They may be
caused by (i) physiological adjustments, (ii) changes in the
traits within populations (i.e. evolution), (iii) shifts in the
composition of the bacterial community, or a combination
of the three. For instance, it is possible for soil microbes to
adapt their physiology to resist strong differences in water
potentials by changing their intracellular concentrations of
osmolytes or due to production of extracellular polymers
(Warren 2014; Schimel 2018), giving rise to a physiological change. Likewise, resource competition among microbial populations in culture can give rise to changes in traits
linked to substrate use within 10–100 generations (Fiegna
et al. 2015) giving rise to evolutionary change. Finally, there
is abundant evidence that exposure to a DRW cycle can
favour microbial taxa that can better cope with subsequent
similar disturbances over other taxa in the studied environment, giving rise to directed and concomitant changes of
community composition and functioning (Clark and Hirsch
2008; Evans and Wallenstein 2012, 2014a; Martí et al. 2012;
Placella et al. 2012; Barnard et al. 2013, 2015). This will
include both bacteria inherently surviving drying better, as
well as those being able to respond rapidly after rewetting
(Evans and Wallenstein 2014b). It has also been shown that
previous exposure to a DRW cycle can affect the function
of microbial communities after rewetting, which might be
mediated by changes in the microbial community composition (Meisner et al. 2021). Any combination of these three
explanations could lead to gradually faster recovery of bacterial growth to subsequent cycles of DRW, and deserve future
study.

Conclusions and future research
Several studies have shown that different soils can have
different response patterns after one DRW cycle, with a
large variation in lag phase length and recovery times (e.g.
Göransson et al. 2013; Meisner et al. 2015; Rath et al. 2017).
Our study brings new insights into what is determining
the bacterial response to DRW events. We show that the
number of previous DRW cycles determines the bacterial
response to a subsequent DRW cycle, resulting in a legacy
effect. The duration of such a legacy effect and biotic and
abiotic factors affecting the extent and time scale for this
needs further study. Moreover, it is still unclear whether the
different responses are caused by a change in the bacterial
community itself or also by changes in the environment.
This is a research gap that deserves attention and could be
disentangled by cross inoculation experiments. Finally, other
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research questions that need further study are the effects
of repeated DRW cycles on the fungal growth responses,
which have not been considered here, as well as effects on
the microbial community composition.
While predicting the type of bacterial response upon
rewetting based on the physical “harshness” of the disturbance is feasible after monitoring environmental factors (e.g.
how long the soil was dry, how much the soil was dried etc.),
understanding and knowing the history of DRW that a soil
has been exposed to in the field is more difficult. In addition,
the history of DRW of a soil also includes the extent of drying of each one of the DRW cycles, which will also shape the
type of response that bacterial communities will have when a
dry soil is rewetted again. Last, we do not know for how long
the legacy of earlier DRW events will still be detectable,
that is, how rapid and to what extent the transition from a
“type 2” to a “type 1” response will reverse under conditions
of adequate moisture. Taken together, the history of DRW
events will thus obscure attempts to use only abiotic factors
such as the length or severity of the drought to elucidate if a
soil has a “type 1” or a “type 2” response after DRW.
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