
P
os
te
d
on

22
N
ov

20
22

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
79
24
.1

—
T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

The Duration of Non-flow Periods Influences the Dynamic

Responses of Biofilm Metabolic Activities to Flow Rewetting

Lingzhan Miao1, chaoran LI2, Tanveer M Adyel3, Zhilin Liu1, Jun Wu1, Songqi Liu1,
Wanyi Li1, and Jun Hou1

1Hohai University
2

3Deakin University

November 22, 2022

Abstract

Global change has led to the increased duration and frequency of droughts and may affect the microbial-mediated biochem-

ical processes of intermittent rivers and ephemeral streams (IRES). Effects of flow desiccation on the physical structure and

community structure of benthic biofilms of IRES have been addressed, however the dynamic responses of biofilm functions

related to ecosystem processes during the dry-wet transition remain poorly understood. Herein, dynamic changes in biofilm

metabolic activities were investigated during short-term (25-day) and long-term (90-day) desiccation, both followed by a 20-day

rewetting period. Distinct response patterns of biofilm metabolism were observed based on flow conditions. Specifically, biofilms

were completely desiccated after 10 days of drying. Biofilm ecosystem metabolism, represented by the ratio of gross primary

production (GPP) and community respiration (CR), was significantly inhibited during desiccation and gradually recovered

back to autotrophic after rewetting due to the high resilience of GPP. Also, the potential metabolic activities of biofilms were

maintained during desiccation and showed a tendency to recover after rewetting. While long-term desiccation caused irrepara-

ble damage to the total carbon metabolism of biofilms that could not be recovered to the control level even after 20 days of

rewetting. Moreover, the metabolic activities of amine and amino acids showed an inconsistent pattern of recovery with total

carbon metabolism, indicating the development of selective carbon metabolism. This research provides direct evidence that the

increased non-flow periods affects biofilm-mediated carbon biogeochemical processes, which should be taken into consideration

for the decision-making of the ecological and environmental flow of IRES.
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Key Points: 18 

 Distinct dynamic responses of biofilm metabolism were observed from short-term and 19 

long-term desiccation treatments to the flow rewetting.   20 

 Most of the functional index of biofilms in short-term desiccation were recovered to that 21 

of the control level after 20 days of rewetting. 22 

 Prolonged desiccation led to irreparable damage to biofilm metabolic functions and  the 23 

selectivity of carbon metabolism after rewetting.  24 
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Abstract 29 

Global change has led to the increased duration and frequency of droughts and may affect 30 

the microbial-mediated biochemical processes of intermittent rivers and ephemeral streams 31 

(IRES). Effects of flow desiccation on the physical structure and community structure of benthic 32 

biofilms of IRES have been addressed, however the dynamic responses of biofilm functions 33 

related to ecosystem processes during the dry-wet transition remain poorly understood. Herein, 34 

dynamic changes in biofilm metabolic activities were investigated during short-term (25-day) 35 

and long-term (90-day) desiccation, both followed by a 20-day rewetting period. Distinct 36 

response patterns of biofilm metabolism were observed based on flow conditions. Specifically, 37 

biofilms were completely desiccated after 10 days of drying. Biofilm ecosystem metabolism, 38 

represented by the ratio of gross primary production (GPP) and community respiration (CR), was 39 

significantly inhibited during desiccation and gradually recovered back to autotrophic after 40 

rewetting due to the high resilience of GPP. Also, the potential metabolic activities of biofilms 41 

were maintained during desiccation and showed a tendency to recover after rewetting. While 42 

long-term desiccation caused irreparable damage to the total carbon metabolism of biofilms that 43 

could not be recovered to the control level even after 20 days of rewetting. Moreover, the 44 

metabolic activities of amine and amino acids showed an inconsistent pattern of recovery with 45 

total carbon metabolism, indicating the development of selective carbon metabolism. This 46 

research provides direct evidence that the increased non-flow periods affects biofilm-mediated 47 

carbon biogeochemical processes, which should be taken into consideration for the decision-48 

making of the ecological and environmental flow of IRES. 49 

 50 

Keywords: Biofilm; intermittent rivers and ephemeral streams; microbial functions; dynamic 51 

responses; carbon metabolism 52 

 53 

1 Introduction 54 

Global climate variabilities and human activities have led to the increasing intermittency 55 

of numerous streams and rivers (Acuña et al., 2014 , Messager et al., 2021). Intermittent rivers 56 

and ephemeral streams (IRES) are characterized by the alternation of desiccation and rewetting 57 

hydrological phases, contributing to the biodiversity and biogeochemical processes (Lv et al., 58 

2017), and functional integrity of fluvial systems (Shumilova et al., 2019, Messager et al., 2021). 59 

However, the increasing flow intermittency has lead to a harsh environment for the aquatic 60 

organisms, especially the microbial communities, and influences the ecosystem processes 61 

ongoing in the IRES (Navarro-Ortega et al., 2015). for instance, benthic biofilms serve as an 62 

ecological indicator for coupling the structure and function of the river ecosystem and play a key 63 

driving role in the primary production, nutrient circulation, and energy flow of the river system 64 

(Sun et al., 2021 , Fan et al., 2021). However, unpredictable desiccation may affect the 65 

community structure and function of biofilm, which in turn influence the ecosystem processes of 66 

the IRES ecosystem (Bogan et al., 2017, Zlatanović et al., 2018).  67 

Previous studies have demonstrated that the duration, frequency, and severity of the 68 

dehydration could affect the physicochemical properties, community composition, and activities 69 

of enzymes in biofilms of aquatic system (Sabater et al., 2016 , Shumilova et al., 2019). For 70 

example, the alternation of desiccation and rewetting hydrological phases has the greatest 71 

influence on the algal community, followed by bacterial, and the least influence on the fungal 72 
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community in biofilms(Gionchetta et al., 2019). The increasing desiccation periods are reported 73 

to extend the ecological niche, and significantly increase the ᵦ-diversity of biofilm communities 74 

(Feng et al., 2020), while the α-diversity (species richness) decreased significantly in most 75 

biofilm communities(Sabater et al., 2016 , Zlatanović et al., 2018). Also, the combination of the 76 

temporal components and the severity of the desiccation affected the microbial function of 77 

biofilm(Colls et al., 2019), leading to a reduction of extracellular enzymes(Timoner et al., 2012 , 78 

Colls et al., 2019), and promoting biofilm to be more heterotrophy(Acuña et al., 2015). 79 

Moreover, several recent studies have shown that the increasing desiccation period and intensity 80 

affect the recovery of microbial community structure(Pohlon et al., 2018) and the ecosystem 81 

metabolism, the ratio of gross primary production (GPP) and community respiration (CR), of 82 

biofilms(Acuña et al., 2015). Due to the importance in ecosystem processes of biofilm functions, 83 

recovery of biofilm microbial functions following desiccation should be further considered.  84 

However, most previous studies investigated the recovery of the community structure and 85 

integrated functions of biofilms after a predetermined experimental cycle, little is known about 86 

the dynamic responses of biofilm metabolic activities over time under such conditions. Due to 87 

the intrinsic resistance and physiological recovery of biofilm under disturbance (Steven et al., 88 

2021), the question here is whether the microbial function of biofilms can be maintained during 89 

the desiccation and then can be recovered to original state after flow rewetting. If so, how long 90 

does biofilms take for the function to achieve stability, and this question is related to that 91 

whether the setting of the recovery period of biofilms after desiccation in previous studies is 92 

reasonable (5-10 days; (Fabian et al., 2018 , Gionchetta et al., 2019 , Shumilova et al., 2019)). 93 

More importantly, the ecological indicators, such as GPP, CR, and autotrophic index (AI) used in 94 

previous studies can only reflect the integrated functions of biofilms, more detailed indicators 95 

(for example, carbon metabolism determined by Biology Eco) should be applied to explore the 96 

dynamic responses of biofilm metabolic activities to dry and wet stress in IRES systems.  97 

In this study, we aimed to identify the effects of the duration of non-flow periods on the 98 

dynamic responses of biofilm microbial functions during the alternation of desiccation and 99 

rewetting conditions through indoor simulation experiments. Two desiccation periods (short-100 

term (25-day) and long-term (90-day) of biofilms were performed and both followed by a 20-day 101 

rewetting period. During the whole experimental period, indicators of biofilm integrated 102 

functions were identified, including AI and ecosystem metabolism (represented by GPP and CR 103 

ratio). In addition, Biolog eco was used to provide more detailed information about biofilm 104 

carbon metabolisms, such as specific activities of carbon sources and functional diversity. We 105 

hypothesized that the response patterns of the integrated indicators (AI and ecosystem 106 

metabolism) and carbon metabolism may be different after longer desiccation, changes of 107 

different metabolic activities may be consistent in desiccation (i); the recovery rate of biofilm 108 

functions in the rewetting period after long-term desiccation should be lower than that after 109 

short-term desiccation (ii); and the metabolic activity of biofilm could be restored by rewetting 110 

after short-term desiccation, but not after long-term desiccation(iii). 111 

2 Materials and Methods 112 

2.1 Biofilm inoculation 113 

The biofilm inoculation experiment was designed according to our previous study (Miao 114 

et al., 2020). The cultivation device for the sample was located at the Qin Huai River in Nanjing, 115 
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Eastern China. All incubation devices were secured to a depth of 50 cm to recieve the same light 116 

output and intensity. Each device was cultured for 44 days (from 30 October 2020 to 7 117 

December 2020) to obtain mature biofilm (Wu et al., 2014 , Battin et al., 2016). Water quality in 118 

the Qin Huai River was measured over the culture period (Table S1). The experimental devices 119 

with all cobblestones and river water in the cultivation station were taken to the lab for further 120 

experiment. 121 

2. 2 Laboratory experiment design 122 

Flowing artificial water tanks (160 cm long, 20 cm wide, and 30 cm high) were designed 123 

for indoor adaptation of mature biofilms in a greenhouse at 18±2 °C with natural light. The tanks 124 

were equipped with a pump to modify the water conditions (Figure S1). The flow rate in our 125 

culturing device was kept at 0.014 m/s controlled by a pump (BT100-1L, China) to create 126 

favorable conditions for biofilm adaptation (Liao et al., 2018). 127 

In the laboratory experiment, 5ml/L nutrient solution/water (Table S2) was added weekly 128 

to the water tank for the adaptation of biofilms(Hou et al., 2019). After 2 weeks of adaptations, 129 

all cobblestones with biofilm were distributed in three parts. One-third of the cobblestones were 130 

kept in the tank with water as a control group, and one-third of the cobblestones were transferred 131 

to another tank for 25 days of desiccation and subsequent rewetting; as well the rest of the third 132 

was transferred to another tank for 90 days of desiccation and subsequent rewetting.  133 

The selected duration of the non-flow periods fall within the range for the non-flow 134 

period reported for other IRES and artificial streams (20~100 days) (Fazi et al., 2013) (Acuña et 135 

al., 2015). Herein, 25 days of desiccation with 20 days of rewetting (expressed as 25-Rewetting) 136 

and desiccation for 90 days with 20 days of rewetting (expressed as 90-Rewetting) were 137 

conducted in the alternation of desiccation and rewetting experiments (Figure 1). Before 138 

desiccation, surface and free pore water were drained from the experimental tanks following the 139 

precudures in previous study (Zlatanović et al., 2018). After drying, the re-equipment of the 140 

biofilm was carried out by ascending reconstruction of small flows, avoiding destroy the biofilm 141 

on the surface of the cobblestones. Then, the water column was filled to the control level using 142 

the pump (Zlatanović et al., 2018). Samples were taken between the control group and the 143 

experimental group on days 0, 1, 3, 5, 7, 10, 25, and 90 of the non-flow periods, and in the 144 

experimental group on days 1, 3, 5, 7, 10, and 20 of the rewetting periods to measure various 145 

indicator variables (Table S3). At each sampling time, the pump was stopped, and a sterile brush 146 

and tweezers were used to collect the biofilms from the cobblestone surfaces (Liao et al., 2018, 147 

Liao et al., 2019). 148 

Figure 1. The alternation of desiccation and rewetting experiment time axis. 
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2.3 The biomass and morphology of biofilm 149 

The biomass of biofilms, represented by ash-free dry weight (AFDW) was measured per 150 

given area (30cm2, 10-15 cobblestones). Biofilm samples were dried at 105 ℃ for 24 hrs and 151 

then calcined at 450 ℃ for 4 hrs to estimate AFDW (Timoner et al., 2012). 152 

Biofilm sample morphology was observed using an ESEM (QUANTA200, FEI 153 

Company, The Netherlands) at various hydrologic stages(Yurudu, 2012). The biofilms on 154 

cobblestones were attached to the sampling table with conductive adhesive, then placed in the 155 

electron microscope sampling room and vacuumed and photographed in selected positions. 156 

2.4 Characterization of the indicators of integrated function 157 

This study identified indicators for the integrated function of biofilms, including GPP, 158 

CR, and AI.  159 

The AI is defined as the ratio AFDW/chl-a, which can reflect the shifts in dominance of 160 

functional groups (i.e., AI>200 indicates a high proportion of heterotrophic) (Delgado et al., 161 

2017). The chlorophyll content of biofilm was determined with a portable pulse amplitude-162 

modulated fluorometer (PGYTO-PAM; WALZ, Effeltrich, Germany) (Hou et al., 2019, 163 

Schreiber et al., 2002). 164 

Ecosystem metabolism governs the fixation and mineralization of organic carbon (C) in 165 

streams and is quantitatively expressed by the GPP: CR ratio (Schreiber et al., 2002). We 166 

followed the approach from previous studies (Acuña et al., 2008) to estimate the biofilm 167 

metabolism from the drop and rise in dissolved oxygen concentration, which was widely used in 168 

ecosystem metabolism studies in rivers and streams (Gómez-Gener et al., 2016 , Bott et al., 169 

1997). We used square recirculating chambers (24cm long, 19cm wide, 18cm high) to estimate 170 

biofilm oxygen production and consumption(Bott et al., 1997). The chambers were equipped 171 

with a submersible pump that recirculated water, avoiding the generation of low diffusion areas 172 

within the chamber. The CR and GPP were measured for 120 minutes in constant dark and 173 

brightness conditions, respectively. Dissolved oxygen was recorded at 10-min intervals with 174 

oxygen sensors (miniDO2T Logger, PME, USA) (Liu et al., 2020, Adyel et al., 2017). Metabolic 175 

rates were calculated as described by ACUÑA and others(Acuña et al., 2008 , Zlatanović et al., 176 

2018). The GPP and CR were calculated as Eq. (1-2). 177 

𝐶𝑅 = (
𝑑𝐶𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑑𝑡
)
𝑛𝑖𝑔ℎ𝑡

∗ (
𝑉𝑤𝑎𝑡𝑒𝑟

𝐴𝑠𝑒𝑑
)                                    (1)  178 

𝐺𝑃𝑃 = (
𝑑𝐶𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑑𝑡
)
𝑑𝑎𝑦

∗ (
𝑉𝑤𝑎𝑡𝑒𝑟

𝐴𝑠𝑒𝑑
)                                    (2) 179 

where Ctreatment is oxygen (mg/L), t is time(h), night and day represent the dissolved O2 180 

concentration data set used in the dark treatment and light treatment conditions (the measurement 181 

time is 120 min), Vwater is the total water volume (L) in the metabolism chamber, and Ased is the 182 

measuring bed surface(m2) (Zlatanović et al., 2018). 183 

Based on the measurement of CR and GPP, the resistance and resilience of biofilms 184 

during the experimental period were also calculated (Acuña et al., 2015). Resistance served as an 185 

indicator of the capacity of stabilization and was calculated as the % decline in the variable 186 

experienced between the last measurement before a disturbance and the first measurement after 187 

the condition was restored. The resilience of biofilm was determined as the slope of the linear 188 
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functions of the relationship between each of the response variables and the time when flow 189 

resume. 190 

2.5 Carbon metabolism of biofilms  191 

Biofilm samples from different hydrological stages were collected to determine their 192 

carbon metabolic activities using Biolog Eco Plates (Biolog Inc., Hayward, CA, USA) (Zak et 193 

al., 1994). The experimental methods are detailed in our previous study and given in the 194 

Supplementary Information (Miao et al., 2021). 195 

Based on the measured AWCD of Biolog Eco plate when biofilm metabolism is stable 196 

(120h), the carbon metabolic functional diversity of biofilms were determined and represented 197 

by three indices, Shannon-Wiener diversity index (H`), Simpson diversity index (D), and Pielou 198 

evenness index (E) (Ge et al., 2018 , Miao et al., 2019), and the formulas are presented in 199 

Supplementary Information. At the same time, NMDS analysis was carried out based on 200 

different measured values of 31 carbon sources when they reached metabolic stability (120h) in 201 

each experimental cycle (Control, Desiccation, 25-Rewetting, and 90-Rewetting). The analytical 202 

methodology can be found in the Statistical Analysis section. 203 

 204 

2.6 Statistical analysis 205 

All biochemical analyses of the biofilm samples during the desiccation and rewetting 206 

were performed in triplicate, and the values are presented as the mean±standard deviation. A 207 

further one-way ANOVA with ecological variables (AWCD or GPP and so on) was used to test 208 

for significant differences. T-TEST analyzed the results of the control group and the desiccation 209 

group. Graphs were plotted using Origin (Version 2018, Northampton, MA, USA).  210 

 Based on Bray-Curtis dissimilarities, NMDS analysis were used to study differences in 211 

microbial functional composition  in different treatments (Fasching et al., 2020). Then, an 212 

ANOVA (permutational multivariate analysis of variance (PERMANOVA) was completed using 213 

the Adonis function in the R Vegan package; (Oksanen et al., 2012). An analysis of carbon 214 

metabolic diversity data was performed using the statistical environment R (R Core Team 2017) 215 

and the packages ggpolt2, ggsignif, and ggpubr(Wickham, 2009, Ahlmann-Eltze, 2019 , 216 

Kassambara, 2020). 217 

3 Results 218 

3.1 The water content and micromorphology of biofilms 219 

During the alternation of desiccation and rewetting experiments, the water content of 220 

biofilm was shown in Figure S2. After the desiccation started, the water content of biofilm 221 

decreased quickly and was completely dehydrated 10 days later. When rewetting begins, the 222 

water content of biofilm was rapidly resumed within the first two days, and reached the control 223 

level after 10 days of recovery (t-test, P>0.05), regardless of the duration of non-flow periods (25 224 

days and 90 days).  225 

The changes in morphology and structure of biofilm were introduced (Figure 2). The 226 

micromorphological heterogeneity of biofilm is shown in the images of different map points. 227 

With the increase of desiccant content, the phenomenon of disintegration of 3D structure and the 228 
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structural fragmentation of biofilm increases gradually (Figure 2a-e), leading to reduced the 229 

material transport channels of biofilm. As the rewetting begins, the fragmentation was gradually 230 

restored and the 3D structure of biofilms appears to be recovered (Figure 2f-k). 231 

 

 
Figure 2. ESEM of biofilm during alternation of desiccation and rewetting. Each image is a detailed 

image in the red box at the top right. D0 is day 0 of desiccation and R0 is day 0 of rewetting. 

3.2 Biomass of biofilm 232 

The AFDW of biofilm decreased rapidly with desiccation time and remained at the range 233 

of 0.986 and 1.433 mgcm-2  after 7 days of desiccation, significantly different from that of control 234 

(t-test, p=0.000169; Figure S3a). The AFDW of biofilm recovered rapidly during rewetting and 235 

stabilized after 5 days (Figure S3b,c). While, the AFDW of biofilm can be restored to the control 236 

level for the 25-Rewetting group (Figure S3b), not for the 90-Rewetting group (Figure S3c).  237 

With desiccation, chl-a concentration also decreased, and after 7 days, when the biofilm 238 

was completely dehydrated, it tended to be close to 0 mg/cm2 (Figure S3d). Then, as the 239 

rewetting progressed, chl-a concentration was restored to 0.06 mg/cm2 (close to the initial level, 240 

t-test, p>0.05) after 10 days (Figure S3e,f). In addition, chl-a content of the biofilm could reach a 241 

control level on the seventh day after longer desiccation but did not reach stability during the 20-242 

day rewetting period. 243 
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3.3 Changes of the integrated function of biofilms  244 

During desiccation, the value of AI increased with the duration of time, exceeding 200 245 

after 7 days (Figure 3a). This indicated a high proportion of heterotrophic in the biofilm system. 246 

When the rewetting started, the AI value raised significantly and then decreased rapidly as 247 

rewetting progresses, remaining below 200 after 3 days of rewetting (Figure. 3b,c). In addition, 248 

no matter the duration of desiccation, the AI was both recovered to the control level after 20 days 249 

of rewetting (t-test, p>0.05, Figure 3b,c), indicating recovery of flow promoted autotrophy of 250 

biofilms. 251 

 252 

 253 
Figure 3. The value of AI (a-c) of biofilm during alternation of desiccation and rewetting. The lines at AI value  200  254 

(a, b, and c) indicate a high proportion of heterotrophic in the biofilm. The dotted lower and upper lines indicate the 255 

range of values for the control group(b, c). The error bars indicate standard deviation between parallel samples. The 256 

albaphtical letters abc indicate significant differences between samples. 257 

As shown in Figure S4, CR and GPP decreased gradually as the desiccation time 258 

increased (Figure S4 a,d), which was consistent with previous studies (Acuña et al., 2015, 259 

Zlatanović et al., 2018, Colls et al., 2019). The resistance of biofilms to desiccation was also 260 

calculated, as shown in Figure 4d. The resistance of CR has decreased significantly within the 261 

first 10 days of desiccation and then stabilized at 67.22±8.7%. The resistance of GPP was 262 

observed to continue declining, reaching nearly 0 after 90 days of desiccation. After longer 263 

desiccation, resistance to GPP continued to decrease, resulting in a significant decrease in 264 

GPP:CR (Figure 4a). The ecosystem metabolism of biofilm changed to heterotrophic 265 

metabolism. At the same time, there were differences in the best fitting models of the 266 

perturbation response of ecosystem metabolism (Figure 4d). The response of resistance to GPP 267 

was better described by an exponential curve with three parameters and X2 (r2= 0.97326), while 268 

CR was better described by a sigmoid logistic curve with four parameters (r2= 0.99931), a sign of 269 

its ecological threshold in the disturbance-response relationship (Acuña et al., 2015).  270 

After further rewetting, CR gradually recovered to stable levels of control after 10 days 271 

(Figure S4b,c). Note that CR had a “brich effect” on the first day of the 90-Rewetting group 272 

(Figure S4) (Sabater et al., 2016, Muñoz et al., 2018). At higher resilience (Figure 4e), GPP 273 

increased with the prolongation of the rewetting cycle, however, at the end of the 20-day 274 

rewetting experiment, it had not yet reached stability (Figure S5e,f). There was no obvious 275 

pattern of the change of resilience in the rewetting experiment (Figure 4e). From the point of 276 

view of average resilience, the average resilience of GPP of biofilm decreased from 0.173 to 277 
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0.130 after longer desiccation (Figure 4e). Conversely, the average resilience of CR was from 278 

0.0522 and increased to 0.0856 (Figure 4e). The average resilience of GPP was always higher 279 

than that of CR. 280 

 281 

 282 
Figure 4. The ecosystem metabolism (represent by the ratio of GPP and CR, a-c) and the resistance of GPP and CR 283 

during desiccation (d), and the resilience of GPP and CR after rewetting (e). The shaded grey panels in b and c 284 

indicate control. The error bars indicate standard deviation between parallel samples. The albaphtical letters abc 285 

indicate significant differences between samples. 286 

 287 

 288 

3.4 The potential activity of carbon metabolism of biofilms 289 

3.4.1 Effects of desiccation on the carbon metabolism of biofilms  290 

During desiccation, the total AWCD value of biofilms decreased significantly at the 291 

beginning (t-test, p<0.05) and then fluctuated steadily on the control level before the complete 292 

drought (t-test, p>0.05) (Figure 5a). The potential activity of biofilm carbon metabolism 293 

decreased significantly lower than that of the control group (t-test, p<0.05) after the biofilm was 294 

the complete drought (Figure 5a). 295 

To evaluate the biofilm metabolic functions in a physiologically relevant approach, 31 296 

carbon sources were classified into six categories, including carbohydrates, amino acids, 297 

polymers, amines, carboxylic acids, and miscellaneous. Similar response patterns with the total 298 

AWCD were observed in the polymers, carbohydrates, amino acids, and carboxylic acids during 299 

desiccation (Figure S5a-d). Different response patterns were observed in the metabolism of 300 
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amines and miscellaneous (Figure 5b,c, and Figure S5e,f), with a significant increase in the two 301 

carbon species during the first week of desiccation, followed by significant reductions (t-test, 302 

p<0.01, Figure 5b,c, and Figure S5e,f). The carbon consumption selectivity of biofilm 303 

communities during the desiccation process is explained by the difference in the utilization ratio 304 

of different carbon sources (Miao et al., 2021).  305 

The results of the Shannon-Wiener diversity index (H`), Simpson diversity index (D), and 306 

Pielou evenness index (E) of dynamic changes during desiccation are shown in Table S4. The 307 

metabolic function diversity index showed a significant increase (t-test, P-value<0.05) with the 308 

desiccation period (Table S4). The high index indicated that desiccation promoted the metabolic 309 

functional diversity of biofilm. 310 

3.4.2 Effects of rewetting on the carbon metabolism of biofilms  311 

The dynamic changes of the total AWCD values during the rewetting experiment are 312 

shown in Figure 5d,g. The same response patterns were observed in both processes, regardless of 313 

the desiccation period (Figure 5d,g). During the first three days of the rewetting experiment, the 314 

total AWCD value increased significantly and then fluctuated steadily (Figure 5d,g). The 315 

difference here was that the biofilm stabilizes at the control level after 25 days of desiccation and 316 

did not return to control after a longer desiccation period (Figure 5d, g). As for the different 317 

carbon source specials of biofilms during the rewetting experiments, similar response patterns 318 

with the total AWCD were observed for polymers, carbohydrates, miscellaneous, and carboxylic 319 

acids (Figure S6a-d and Figure S7a-d). The metabolic response patterns of six different carbon 320 

sources after long desiccation were more consistent with those of the total carbon source (Figure 321 

S7a-d) as the total metabolic rate. The utilization of miscellaneous remained at the lowest levels, 322 

indicating the selective carbon consumption of biofilm communities (Figure S6c and Figure S7c) 323 

(Miao et al., 2021).  324 

The metabolic functional diversity index did not show a significant difference at different 325 

rewetting times (Table S5 and Table S6). It is noteworthy that the Shannon-Weiner diversity 326 

index decreased significantly with the recovery of flow in group 25-Rewetting. Low index 327 

suggested that rewetting reduced the metabolic function diversity of biofilms (ANOVA, P-value 328 

<0.01). 329 

 330 

 331 

 332 
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 333 
Figure 5. The total AWCD of biofilm (a, d, g) and specific carbon sources that differ from the overall pattern of 334 

metabolism (b, c, e, f, h, i) during the alternation of desiccation and rewetting. Linerar fits of control data (a, b, c) 335 

indicate 95% confidential level. The shaded grey panels (d, e, f, g, h, i) indicate control. The error bars indicate 336 

standard deviation between parallel samples. The albaphtical letters abc indicate significant differences between 337 

samples. 338 

 339 

 340 

3.4.3 Effects of drought duration on carbon source utilization diversity 341 

Microbial functions differed significantly between the 90-Rewetting group with other 342 

experimental stages (ANOVA using distance matrices, Bray-Curtis dissimilarity, p<0.05, Figure 343 
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6a), while there was no significant difference between the 25-Rewetting group and the Control 344 

group (ANOVA using distance matrices, Bray-Curtis dissimilarity, p>0.05, Figure 6a). The 345 

Shannon Diversity Index and the Simpson Diversity Index also showed that short-term 346 

desiccation had a reversible effect on biofilm metabolic diversity, while long-term desiccation 347 

could not (Figure 6b,c). 348 

 349 

 350 

Figure 6. Non-metric multidimensional scaling (NMDS) of all carbon sources (n=31) across experimental stages 351 

(Control, Desiccation, 25-Rewetting, 90-Rewetting) (a). Functional diversity of biofilms as the Shannon-wiener 352 

index (b) across the experimental stages (* p < 0.05, ** p < 0.01). 353 

4 Discussion 354 

In this study, the effects of different non-flow periods on the dynamic responses to flow 355 

recovery of biofilm metabolic activity were studied using biomass, integrated function indicators 356 

(AI and GPP:CR), and carbon metabolic activities. The first thing to be noted that the results of 357 

indoor simulation experiments should be carefully extrapolated to the field conditions.  Although 358 

the irrelevant variables (light, temperature, and organic matters) during the desiccation can be 359 

eliminated through such controlled experiments, the disadvantage is that the environmental 360 

changes in natural waters are potentially more extreme and stressors can co-occur (Colls et al., 361 

2019, Acuña et al., 2015). 362 

4.1 Response patterns of the biomass and integrated function indicators of biofilm  363 

The results showed that desiccation had a significant effect on the physical structure and 364 

biomass of biofilms, and biofilms were completely dehydrated after 10 days. Then, when the 365 

rewetting began, the water content, biomass, and micromorphology of biofilms responded 366 

rapidly (5-7 days). Regardless of how long the desiccation lasted, they can be returned to the 367 

control level (Timoner et al., 2012).  368 

Different response patterns were observed for these two integrated function indicators. In 369 

the desiccation experiments, AI increased gradually to over 200, and GPPP:CR decreased 370 

gradually, indicating that the increase of the desiccation period would cause severe damage to 371 

the autotrophic group and promote heterotrophy of biofilms, consistent with previous studies 372 

(Acuña et al., 2015, Delgado et al., 2017). Decreases in AI values and increases in GPP:CR 373 
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values in rewetting experiments indicate that the major functional groups in the biofilms are 374 

moving to the autotrophic group (Acuña et al., 2015). The dormancy mechanism of algae and an 375 

increase in ambient temperature may partly explain why the recovery rate after 90 days of 376 

desiccation is faster than after 25 days, contrary to our hypothesis that the response rate of 377 

rewetting after 90 days desiccation is lower than that after 25 days. 378 

 Different disturbance-response relationships of GPP and CR during the desiccation and 379 

rewetting were confirmed by different resistance and resilience of biofilm GPP and CR to flow 380 

desiccation and flow recovery. The resistance of biofilm GPP was always lower than that of CR, 381 

resulting in a continuous decrease in GPP:CR during desiccation, consistent with previous 382 

studies (Timoner et al., 2012 , Acuña et al., 2015). During the rewetting process, the average 383 

resilience of the GPP was higher than that of CR, so that the ecosystem metabolism was 384 

gradually restored and converted to an autotrophic body. In addition, the GPP disturbance-385 

response relationship was exponent while the relationship was sigmoid for CR, suggesting that 386 

flow desiccation exhibit an immediate effect on autotrophs while the effect on heterotrophs was 387 

delayed. 388 

Timoner reports that the mechanism of rapid recovery of autotrophic groups from 389 

rewetting may be related to the physiological restoration of dry algae and cyanobacteria that 390 

remain on the surface of cobblestones(Timoner et al., 2012). So, the increase of effects of 391 

duration and severity of the desiccation period may cause more damage to the recovery 392 

mechanism, causing the decrease of the average resilience of GPP after long-term desiccation 393 

(Figure 4e). The recovery mechanism of heterotrophic taxa may be the accumulation of organic 394 

matter (dissolved or granular organic carbon) on the riverbed and in the biofilm during 395 

desiccation, which may facilitate rapid respiration after rewetting (Colls et al., 2019). Therefore, 396 

the accumulation of organic matter on the river bed increases with the prolongation of the 397 

desiccation period, which may lead to an increase in the average resilience of CR after 90 days of 398 

desiccation (Figure 4e). Besides, the enhanced CR on the first day of rewetting (Figure S4c) 399 

resembles the “birch effect” (pulse of respiration on rewetting a dry soil), which may 400 

significantly influence the carbon balance of the ecosystem (Sabater et al., 2016). 401 

It should be noted that the biofilms’ CR achieved stability to the control after 10 days of 402 

rewetting. However, at the end of the rewetting, the GPP continued to increase to the control 403 

level but did not achieve stability, regardless of the duration of desiccation. It indicated that GPP 404 

is strongly inhibited in desiccation, although the resilience of GPP is higher, it still needs a long 405 

recovery time. This should be the focus of our subsequent experimental studies to determine the 406 

recovery time and the final state of GPP. 407 

4.2 Response patterns of biofilm carbon metabolism 408 

Since the ecological indicators such as GPP, CR, and AI only reflect the integrated 409 

functions of biofilms, the carbon metabolic activity determined by Biolog EcoPlate provides 410 

more detailed information about the dynamic responses of biofilm metabolism to dry and wet 411 

stress. During desiccation, the value of total AWCD decreased significantly on the first day and 412 

then remained at the control level (Figure 5a). After the complete drought of biofilms, the total 413 

AWCD began to decrease, while high potential carbon metabolism was observed after 25 and 90 414 

days of desiccation. This phenomenon may be due to the existence of functional redundancy taxa 415 

in biofilm communities. Several studies have found the high potential activity of enzymes during 416 

desiccation (Pohlon et al., 2018, Su et al., 2020). This high potential activity increases during 417 
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desiccation, probably due to the continuous production of enzymes, or because the turnover rate 418 

slows down (Acuña et al., 2015).  419 

In this study, the length of the non-flow period resulted in different responses of carbon 420 

metabolism in biofilms to flow recovery. After flow recovery, the biofilm from different non-421 

flow periods exhibited a similar response pattern, while the recovery rate of carbon metabolism 422 

was slower after 90 days of desiccation. And the total AWCD was still below the control level at 423 

the end of the rewetting (Figure 5d,g). This suggests that prolonged desiccation has irreversible 424 

effects on carbon metabolism in biofilms. According to the response trends of different carbon 425 

sources during rewetting, with the increase of desiccation, the response trends of all carbon 426 

sources metabolism are gradually unified, which means that long-term desiccation may reduce 427 

the existence of functional redundancy taxa, and the microorganism can recover from the 428 

damaged state. 429 

Meanwhile, the metabolism of amine and amino acid carbon sources has always shown a 430 

different trend from that of the total metabolism. In addition, enzymes might already be available 431 

when favorable conditions occur and are useful for rapid metabolism recovery in the initial phase 432 

of rewetting. Carbon metabolism thus manifests itself as ‘stress recovery’, i.e., higher than the 433 

control state and tended to over-compensate for their desiccation losses at the beginning of 434 

rewetting (Pohlon et al., 2018). Previous study found that contrary to the activities of other 435 

enzymes, the phenylalanine (amino acids) activity increased with increasing dryness (Gionchetta 436 

et al., 2020). Therefore, we speculated that this may be the reason behind our results, which 437 

show that only amino acid metabolic does not show ‘stress recovery’ at the initial stage of 438 

rewetting. 439 

From the point of the diversity of carbon metabolism, it can also be found that the time of 440 

desiccation has significantly different effects on the metabolic function of biofilms (Fasching et 441 

al., 2020). Rewetting after short-term desiccation can restore the carbon metabolism function of 442 

biofilms in terms of activity and diversity (Figure 6). However, long-term desiccation has 443 

irreversible effects, and even the recovery of water flow after long-term desiccation is an 444 

interference with the arid system, which will further damage instead of recovery for biofilm 445 

metabolism (Datry et al., 2018 , Ge et al., 2018). 446 

4.3 Environmental implication  447 

According to the results of the present study, different response patterns were observed 448 

with the alternation of desiccation and rewetting of biofilms metabolism (GPP, CR, AI, and 449 

carbon metabolism). During desiccation, the ecosystem metabolism of biofilms (PR ratio) was 450 

inhibited due to the different resistance mechanisms of CR and GPP. In addition, we found that 451 

after 90 days of prolonged desiccation, ecosystem metabolism could not recover stabilizable to 452 

the control level within 20 days of rewetting (Figure 4b,c). And the total carbon metabolism of 453 

biofilm was not recovered to the control level after long-term (90 days) desiccation, suggesting 454 

that long-term desiccation and short-term desiccation have different effects on the carbon 455 

metabolism function of IRES ecosystem. In addition, some carbon source categories, amine and 456 

amino acid, have different response modes to rewetting response (Figure 5), indicating the 457 

selectivity of carbon metabolism in biofilms, which have important effects on the carbon 458 

biogeochemistry cycle of IRES.  459 
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These results provide some new insights for international decision-making on the 460 

restoration of ecological flows in IRES. From the perspective of the integrated function index 461 

and carbon metabolism, the ecological restoration of IRES should consider all river function 462 

indicators and select at least some important functional indexes based on the local ecological 463 

functions of IRES. Due to the different recovery times and degree of various biofilm functional 464 

indicators, to ensure the recovery of the overall ecological function of IRES, the index requiring 465 

a longer recovery time should be taken into consideration first. 466 

5 Conclusions 467 

In this study, the effects of duration of the non-flow period on the dynamic responses of biofilm 468 

metabolism to flow recovery were investigated. Based on the results, the following main 469 

conclusion were suggested: 470 

1. The biofilm was completely dehydrated 10 days after desiccation, and the potential carbon 471 

metabolism of the biofilm remained highly active until the complete dehydration.  472 

2. Most of the functional index of biofilms from the short-term desiccation treatments (25 days) 473 

were recovered to that of the control level after 20 days of rewetting.  474 

3. The ecosystem metabolism and carbon metabolism of biofilms can not be restored to the 475 

control level after 90 days of desiccation, indicating that prolonged desiccation causes 476 

irreparable damage to the metabolic function of the biofilm.  477 

4. Some carbon source categories, amine and amino acid showed different response modes to 478 

rewetting, indicating the selectivity of carbon metabolism in biofilms, which had important 479 

effects on the carbon biogeochemistry cycle of IRES. 480 

5. In order to ensure the recovery of IRES's overall ecological function, the index requiring a 481 

longer recovery time should be taken into consideration first. 482 
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Figure 1. The alternation of desiccation and rewetting experiment time axis 662 

Figure 2. ESEM of biofilm during alternation of desiccation and rewetting. Each image is a 663 

detailed image in the red box at the top right. D0 is day 0 of desiccation and R0 is day 0 of 664 

rewetting. 665 

Figure 3. The value of AI (a-c) of biofilm during alternation of desiccation and rewetting. The 666 

lines at AI value  200  (a, b, and c) indicate a high proportion of heterotrophic in the biofilm. The 667 

dotted lower and upper lines indicate the range of values for the control group(b, c). The error 668 

bars indicate standard deviation between parallel samples. The albaphtical letters abc indicate 669 

significant differences between samples. 670 

Figure 4. The ecosystem metabolism (represent by the ratio of GPP and CR, a-c) and the 671 

resistance of GPP and CR during desiccation (d), and the resilience of GPP and CR after 672 

rewetting (e). The shaded grey panels in b and c indicate control. The error bars indicate standard 673 

deviation between parallel samples. The albaphtical letters abc indicate significant differences 674 

between samples. 675 

Figure 5. The total AWCD of biofilm (a, d, g) and specific carbon sources that differ from the 676 

overall pattern of metabolism (b, c, e, f, h, i) during the alternation of desiccation and rewetting. 677 

Linerar fits of control data (a, b, c) indicate 95% confidential level. The shaded grey panels (d, e, 678 

f, g, h, i) indicate control. The error bars indicate standard deviation between parallel samples. 679 

The albaphtical letters abc indicate significant differences between samples. 680 

Figure 6. Non-metric multidimensional scaling (NMDS) of all carbon sources (n=31) across 681 

experimental stages (Control, Desiccation, 25-Rewetting, 90-Rewetting) (a). Functional diversity 682 

of biofilms as the Shannon-wiener index (b) across the experimental stages (* p < 0.05, ** p < 683 

0.01). 684 
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