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Abstract:

Ponds are active components of the global carbon cycle processing and emitting carbon dioxide and methane to the 

atmosphere. These common habitats frequently experience seasonal water table variations resulting in periodically air-

exposed sediments. However, the influence of these events on both the system scale carbon balance and in-pond 

environmental conditions remains poorly studied. We took advantage of an extraordinarily warm and dry summer to 

quantify the CO2 efflux from air-exposed sediments and water surfaces in desiccating ponds on Öland, Sweden. 

Simultaneously, we modelled metabolism and measured environmental variables within the ponds. We found that air-

exposed sediments had high CO2 effluxes greatly exceeding that from the water surfaces. Sediment water content 

influenced the temperature and strongly regulated the CO2 efflux gradually approaching zero as water evaporated. 
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Within the desiccating ponds, respiration was generally higher than gross primary production, but was lower compared 

to the same ponds with higher water table. These findings highlight the role of periodically air-exposed pond sediments 

as sites of highly active carbon processes. Not only is this important for the system-scale carbon in ponds, but it may 

also influence the destiny of buried carbon in lakes subject to climate changes. The environmental conditions within 

desiccating ponds, most notably high water temperatures and poor oxygen conditions, further iterate the dynamics and 

extreme nature of ponds. 

Introduction:

Inland freshwater lakes are hotspots in the global carbon cycle (Raymond et al. 2013; Tranvik et al. 2009). They process

large amounts of organic carbon that are imported, exported, buried in the sediments or decomposed and emitted as CO2

(Cole et al. 2007; Staehr et al. 2010). The high abundance and combined area of ponds (Downing et al. 2006; 

Verpoorter et al. 2014) and their high CO2 and CH4 emissions (Holgerson and Raymond 2016) make them especially 

important components of carbon cycling of inland waters. While carbon conversion processes and balances have been 

intensely studied in water and inundated sediments, the shallow zone periodically drying out and being rewetted has 

received little attention (Jin et al. 2016; Schiller et al. 2014). On a global scale, periodically inundated sediments may 

emerge as a significant window of carbon emissions as 0.81 million km2 (0.54 % of the global land area) is seasonally 

dry compared to the 2.78 million km2 permanent freshwater bodies (Pekel et al. 2016). Seasonal air exposure of aquatic 

sediments may increase organic degradation and stabilise sediments and, subsequently, make them more suitable to 

rooted plant growth when re-inundated (Barko and Smart 1986; Baastrup-Spohr et al. 2016; Sand‐Jensen and Møller 

2014). This motivated us to study the pond ecosystem processes during desiccation and the drivers of the CO2 efflux 

from aquatic sediments following air exposure. We focused our study on small ephemeral ponds on Öland, Sweden 

where pond sediments had become exposed to air due to the early onset of an extreme summer drought during 2018. 

Water level fluctuation in lakes is a natural and essential phenomenon for many organisms (Wantzen et 

al. 2008). Amphibians and large invertebrates are characteristic of ephemeral ponds (Griffiths 1997; Williams 1997). 

They leave the water or survive in the sediments when the ponds dry out and they benefit from the loss of predatory fish

during desiccation (Hecnar and M'Closkey 1997). Likewise, amphibious plant species forming green shoots and leaves 

adapted to either emergence or submergence obtain a competitive advantage compared with obligatory aquatic or 
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terrestrial plants (Sand-Jensen et al. 1992). Small, shallow ponds are often isolated systems whose water levels are 

highly dependent on the shifting balance between precipitation and evaporation (Sand-Jensen et al. 2015). 

Consequently, seasonal water level variations may result in drastic changes in the area of ponds and, thus, the 

distribution between inundated and air-exposed sediments (Christensen et al. 2013; Martinsen et al. 2019). From 

temporary streams, it is reported that the CO2 efflux from air-exposed sediments is comparable to, or in some cases 

higher, than the efflux from the flowing waters (Gómez-Gener et al. 2016; Gómez-Gener et al. 2015; Schiller et al. 

2014). Reservoirs are another habitat with large variations in water level, in which CO2 effluxes during transition to air-

exposure or inundation need quantification (Jin et al. 2016; Kosten et al. 2018). The organic carbon burial in reservoir 

sediments is often high (Mendonça et al. 2017) just like in nutrient-rich ponds (Downing et al. 2008; Taylor et al. 2019).

What happens to stored sediment carbon upon air exposure is important for the resulting carbon budget and this is 

usually ignored (Prairie et al. 2018). Temporary ponds during the dry phase also have high CO2 emission rates 

resembling those of upland soils (Obrador et al. 2018). Studies on the regulation of the CO2 efflux from natural soils 

suggest a primary influence of soil temperature, moisture and net primary production of the vegetation cover forming 

the organic substrates for microbial degradation (Lloyd and Taylor 1994; Raich and Schlesinger 1992). It is likely that 

the same regulation of emission rates is also relevant for temporarily air-exposed aquatic sediments as recent 

investigations have found positive influences of organic matter, temperature and water content (Catalán et al. 2014; 

Obrador et al. 2018). Aquatic sediments covered by submerged vegetation will experience plant senescence during 

desiccation, thereby forming easily degradable organic matter. Air exposure of aquatic sediments, both bare and 

vegetated, will increase the oxygen supply to organic degradation, which may stimulate CO2 emission (Baastrup‐Spohr 

et al. 2016; Weise et al. 2016). Gradual loss of sediment pore-water may reduce microbial degradation as desiccation 

includes deeper layers, and minute pores and water films on particles (Fromin et al. 2010). Within a broad range, 

sediment temperatures may simply stimulate microbial processes as long as high temperatures (e.g. > 30 °C), which 

cause increasing denaturation of proteins and inhibition of membrane function, do not occur (Sand‐Jensen et al. 2007).  

The abundant, shallow ponds on Öland’s Alvar are dominated by charophytes, which grow rapidly 

during spring to reach a high cover (up to 100%) and biomass (up to 450 g organic DW m-2; Martinsen et al. (2017)). 

The dense charophyte canopy promotes strong daytime stratification followed by nocturnal convective mixing

(Andersen et al. 2017b). The ponds exhibit high rates of gross primary production (GPP) and respiration (R) and 
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positive net ecosystem production (NEP; GPP-R > 0) during the growth season (Martinsen et al. 2017). During dry 

periods, the water column becomes compressed and the charophyte canopy may breach the water surface. This 

development is likely to influence the ecosystem metabolism by impairing the canopy structure, promoting high 

temperatures and reducing horizontal mixing (Christensen et al. 2013). During progressive desiccation, the pond may 

enter a stage where charophyte senescence dominates system scale processes (R > GPP). We wanted to quantify the 

processes both within the pond and on the dried-out pond sediment bed in order to evaluate the drivers that are likely to 

influence the fate of the plant biomass build-up during spring and early summer. 

In order to fulfil those objectives, we measured the CO2 flux from air-exposed sediments and pond 

water surfaces and calculated ecosystem metabolism in multiple ponds during summer in 2017 and 2018. In 

Scandinavia, the 2018 summer was particularly warm and dry, which allowed us to investigate ponds which had 

recently dried out or were in the process of desiccation. We hypothesised that: 1) Air-exposed sediments are more 

active sites of CO2 emissions compared to inundated areas, and 2) charophyte photosynthesis is reduced and 

outweighed by respiration as the ponds gradually dry out and the canopy is compressed in a shallow water column.

Methods:

The investigated sites are located on Öland, Sweden. Ponds numbered 1 to 5 are located on Räpplinge Alvar whose 

ecosystem metabolism has previously been examined (Martinsen et al. 2017). This study also includes data from Pond 6

(57.115157 °N, 16.896897 °E), located close to the west coast of Öland, and Pond 7 (56.822675 °N, 16.611683 °E), 

which is located in a quarry just north of the five Alvar ponds with similar environmental characteristics (Fig. 1). The 

Alvar is a calcareous grassland landscape characterised by sparse vegetation on thin soil layers (5-10 cm) covering the 

limestone bedrock. The ponds are located in limestone quarries abandoned approximately 30 years ago. The ponds are 

nutrient poor (< 5 g PO4
3--P L-1, < 30 g NH4

+-N L-1 and < 20 g NO3
- -N L-1) with very clear water and dominated by 

charophytes (Martinsen et al. 2017). The common charophyte species are: Chara aspera, Chara hispida, Chara 

subspinosa and Chara aculeolata. The pond water levels show large variations through the year but are usually water-

filled during early summer (i.e. June). We examined the ponds during June 2017 and 2018 with 2018 being an 

especially dry and warm summer (Table 1). 
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Environmental variables

In the ponds, data loggers mounted on steel pegs measured oxygen (one logger in each pond; MiniDOT, PME, Vista, 

CA, USA), water temperature (two-five loggers in each pond, HOBO UA-002-64 Onset Computers, Bourne, MA, 

USA, accuracy of ± 0.53 °C) as well as pH (only Pond 4 and 5, pHTemp2000 MadgeTech data logger with an Omega 

pH electrode). The temperature sensors were distributed vertically down through the water column at approximately 

equal distances. Oxygen sensors were calibrated at 0 % (water bubbled with N2) and 100 % air saturation. 

Meteorological variables (wind speed and wind gust: HOBO S-WSET-A, relative humidity and air-temperature: HOBO

U23 Pro v2, PAR: HOBO S-LIA-M003) were measured at a central station near Pond 4 at 2.5 meters height. In 2018, 

atmospheric pressure was measured at the meteorological station (HOBO U-20-001-04). In-pond and meteorological 

variables were measured every 10 minutes. In 2017, hourly values were obtained from Kalmar airport 25 km away

(SMHI 2018). We also obtained daily measurements of air temperatures from Kalmar and precipitation from 

Skedemosse (8.5 km away) to compare the summer in 2017 and 2018 with long term averages.

Pond bathymetry for the new sites (Ponds 6 and 7) supplemented existing bathymetries for Ponds 1-5

(Martinsen et al. 2017) in order to calculate the mean depth (zmean, m) and surface area (m2). New bathymetries were 

determined from manual measurements of water depth (accuracy 0.5 cm) along regularly spaced transects. Surface area 

was determined using drone photography (Phantom 3 Professional, DJI, China) with 50 % overlap in both x and y 

directions. The pictures were assembled using the photomerge tool (auto), calibrated and the area was measured 

(Photoshop CC, Adobe, USA). Water depths in each pond were measured manually on a daily basis at a fixed position 

to track fluctuations of the water level. 

Measurement of water CO2 dynamics

The CO2 efflux was measured from the pond water surfaces using plastic domes equipped with CO2 mini-loggers (ELG 

CO2 logger, SenseAir, Sweden). We used the floating chambers described in Bastviken et al. (2015) with air volumes of

7.5 and 5.6 L covering surface areas of 0.08 and 0.033 m2, respectively. One chamber deployed on Pond 4 was modified

with an air-pump and timer; it permitted periodic evacuation of the chamber headspace in order to provide frequent 

measurements of the gas flux with vent and pause durations of 10 and 30 minutes respectively (Martinsen et al. 2018). 

All chambers were covered with aluminium tape to minimise internal heating. Measurements on the water surface 
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lasted at least 20 minutes, while logging the CO2 mixing ratio (ppm) at five minutes intervals. The mini-loggers were 

calibrated in CO2-free air (N2) following the manufacturer’s instructions. We calculated the flux (F, reported as mmol 

m-2 h-1 with positive values being fluxes from water surface or sediment to atmosphere) as:

F=
d CO2

dt

Pamb V

Rgas TA
 (eq. 1)

The first term (
dCO2

dt
¿ is the rate of change in CO2 over time in the floating chamber, Pamb is the ambient atmospheric 

pressure (atm), V is the chamber volume, Rgas is the universal gas constant (m3 atm K-1 mol-1), T is the ambient 

temperature (K) and A is the chamber area in contact with water or sediment. For measurements on the water surface, 

we discarded measurements of CO2 concentration versus time yielding a slope with a R2-value below 0.9. In addition to 

the gas flux measurements, floating chambers (7.5 L and 0.08 m2) were left on the water surface in Ponds 4 and 5 to 

equilibrate with the surface water CO2 partial pressure. Waterside CO2 partial pressure was also determined from pH, 

alkalinity and temperature in Ponds 4 and 5 following Weyhenmeyer et al. (2012). Alkalinity was determined by 

acidimetric titration with 0.1 M HCl (Gran 1952). The investigated ponds are generally alkaline with alkalinity > 1 meq.

l-1, high pH values (7.5-9.8) and low in dissolved organic matter which should result in low bias when estimating CO2 

partial pressure from alkalinity and pH (Abril et al. 2015). 

Measurement of CO2 flux and characteristics of air-exposed sediments

Measurements on air-exposed sediments were performed at seven sites surrounding Pond 1, 4 and 5 and covered 

different desiccation gradients during summer 2018 (Table 1 and 2). These sites are water covered at normal water 

supply levels, however, periods with low precipitation and high evapotranspiration may render them periodically air-

exposed. We used chambers identical to the ones used for water surface measurements with a volume of 5.6 L, covering

an area of 0.033 m2 and equipped with an internal fan taken from a computer. Measurements were performed in 

duplicate, lasted 5 minutes, while logging the CO2 mixing ratio (ppm) every 30 seconds. Subsequently, the initial 90 

seconds and the last 30 seconds of the recordings were discarded to avoid artefacts of setting up and handling the 

chambers. Measurements with a response not exceeding sensor accuracy (<5 ppm change, 18 % of measurements) or 

artificial high initial partial pressure exceeding that of the atmosphere (4 % of measurements) were discarded. 
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Discarded measurements stem almost entirely from very dry sediments with emissions rates very close to zero. 

Following this selection, the average values were used in further analysis. Temperature sensors (HOBO UA-002-64) 

were deployed at 2-4 cm depth in the sediments. Measurements in Ponds 2 and 3, which had completely dried out and 

are devoid of any visible water, supplemented these measurements. Moreover, on Pond 5, the CO2 flux was measured at

1 m intervals away from the water edge (0-8 m). For each measurement, we sampled a sediment core (3 cm height, tube

diameter 22 mm) and analysed water content (%) as weight loss after drying and loss on ignition after four hours at 550 

°C and 950 °C (LOI550 and LOI950) to quantify the organic matter and carbonate content, respectively. We determined 

organic matter and carbonate content of the 3-cm thick core samples and reported the content as g m-2 per 1-cm 

sediment layers after dividing by 3. At each site, we also determined the average sediment depth (height of sediment 

above bedrock) from eight point measurements placed at random using a measuring stick. The turnover time for each 

site was calculated as the carbon pool size divided by the carbon CO2 efflux rate. The carbon pool was calculated as the 

product of the sediment depth and LOI550 multiplied by 0.4 (the approximate proportion of carbon in organic matter). 

Whole-system metabolism

Pond metabolism (GPP, R and NEP) was estimated using an inverse modelling approach to model free-water oxygen 

metabolism. Changes of oxygen concentrations between successive measurements are a result of GPP, R and air-water 

gas exchange (Solomon et al. 2013). We used the method described in detail in Martinsen et al. (2017) with one 

difference. Due to the noise and spiky nature of the oxygen data in the desiccating ponds, it was not possible to model 

the metabolic parameters on a daily basis. This failure was due to unsatisfactory discrepancies between modelled and 

observed oxygen concentrations. Instead, we used data from the entire period (three to five days) to estimate the 

metabolic parameters. This alleviated some of the problems associated with the observed noise because events like 

sudden nocturnal increases in oxygen on some days will not force the model to collapse or give unrealistic estimates. 

However, this approach requires the assumption that the functional metabolic parameters are relatively constant over 

three-five days which our previous investigations suggest is reasonable (Christensen et al. 2013; Martinsen et al. 2017). 

In short, oxygen dynamics were modelled by estimating three free parameters which describe GPP (two) and R (one). 

GPP is parameterized by a light-saturating function (Jassby and Platt 1976), R as a function of water temperature with a 

Q10 of 2 (Jørgensen and Bendoricchio 2001) and gas exchange determined using a relationship previously established by
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floating chamber measurements in Pond 4 (Kragh et al. 2017). Mixed-layer depth was determined from water 

temperature profiles (Read et al. 2011). When only two water temperature sensors were present, mixed-layer depth was 

set equal to half the total depth when the difference between the sensors exceeded 1 °C. Confidence intervals (95 %) of 

the parameter estimates were calculated using a bootstrap procedure with 999 iterations. Volumetric rates (g O2 m-3 day-

1) were converted to rates per surface area by multiplying with mean water depth..

Statistical analysis

To compare CO2 effluxes from different habitats, we distinguished between water-saturated sediment with degrading 

water-saturated charophytes and bare desiccated sediments of mainly clay. Sediments were divided into wet (>50 % 

water content) and dry (<50 %). This threshold represents the mid-point of the investigated habitats which ranged from 

completely dry to water logged and was only used for the initial exploration. Differences between habitats were 

examined using a Kruskal-Wallis test followed by Dunn’s test for multiple comparisons (α = 0.05). 

To examine drivers of CO2 efflux from air-exposed sediments, we used linear mixed-effect modelling

(Bates et al. 2015) and included “site” as a random variable (intercept) acknowledging that observations within sites are 

more similar than observations between sites (Bolker et al. 2009). The response variable (CO2 efflux) was ln-

transformed to improve normality of the residuals. All possible models were evaluated within an information theoretical

framework using the Akaike Information Criterion (AIC) corrected for small sample sizes (AICc; Burnham and 

Anderson (2002)). To evaluate model fits, we calculated R2
marg and R2

cond, which is the variance explained by fixed 

factors alone and both fixed and random factors, respectively, using the “MuMIn” package in R (Barton 2018; 

Nakagawa and Schielzeth 2013). All data analysis was performed in R (R Core Team 2018). 

Results:

Climate conditions

The 2018 summer (June, July and August) was 2.7 °C warmer, while the 2017 summer was only 0.2 °C warmer than 

the long term (1980-2010) summer average of 16.2 °C for the area. The precipitation followed a similar pattern with a 

summer sum of 106 mm in 2018 and 192 mm in 2017 compared to the long term average of 162 mm. Of the 106 mm 

precipitation in the summer 2018, 62 mm fell during the last two days of August, long after our measurement campaign.
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The data highlights the extreme heat and drought experienced in 2018. The meteorological measurements at the 

investigated sites during the week long measurement campaigns in June 2017 and 2018 showed only subtle difference 

(Fig. S1). The daily decrease of water levels was very similar (0.5-1 cm d-1) during both June periods. Thus, the 

desiccation of the investigated ponds in 2018 was the result of a prolonged period with higher air temperatures and 

lower precipitation than average before and under the June campaign. 

CO2 efflux and temperature dynamics in air-exposed sediments

Gradual desiccation of the investigated ponds was especially pronounced during summer 2018 and allowed 

measurements and evaluation of the importance of CO2 effluxes from air-exposed aquatic sediments. Compared to CO2 

effluxes across the water surface, habitats at different stages of desiccation showed high effluxes (Table 2, Fig. 2). Air-

exposed sediments with high water content and sites with decaying Chara showed the highest CO2 effluxes. This 

pattern was also evident along a natural hydrological gradient with both CO2 efflux and water content in the sediments 

decreasing extensively with distance from the water edge (Fig. 3). Measured CO2 effluxes ranged from high rates close 

to the water edge (10.8 mmol m-2 h-1) to undetectable as water content approached zero in sediments far from the water 

edge. 

High-frequency measurements of temperature in the air-exposed sediment revealed substantial 

differences between habitats (Fig. 4). Sediment temperatures followed the same sinusoid diel curve as air temperatures 

but were generally higher (sediment mean 19.6 °C, air mean 17.5 °C). The sediments heated differently during the day 

with dry sediments reaching the highest temperatures (16.2-31.9 °C) and wet sediments being cooler (14.6-25.8 °C). 

Temperatures within decaying Chara (15.1-26.8 °C) were in between those in bare wet and dry sediments. 

Linear mixed-model of CO2 efflux from air-exposed sediments

Using the measured sediment characteristics, we modelled the CO2 efflux from the air-exposed sediments. The best 

model contained sediment temperature, water content (including a squared term), LOI550 and LOI950 with a R2
marg value 

of 0.84 (Table 3). The fit improved significantly by including a squared term for water content (Fig. 5). A model with 

only temperature and water content had an R2
marg of 0.41 (AICc = 93.9). Adding a squared term of water content to this 

model increased the R2
marg to 0.74 (AICc = 80.0) thus performing almost as good as the best model (Table 3). The non-
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linear response to water content is likely due to the sites with drying Chara, which are saturated with water to a degree 

where the CO2 efflux is hampered. In contrast to expectations, LOI550 and LOI950 had a negative and positive effect, 

respectively, on the CO2 efflux. The results emphasise the predominant influence of water content on the CO2 efflux 

rates in the air-exposed sediments. 

In-pond consequences of desiccation

Within the ponds, we observed marked consequences of the dry summer and low water table in 2018. In the exposed 

Alvar ponds, the water surface receded and left much of the Chara canopy compressed at the surface, which resulted in 

high water temperatures (daily maximum 23.4-29.3 °C) and inhibition of photosynthesis. As the photosynthetic 

capability was reduced, respiratory processes also declined, but exceeded photosynthesis. In turn, this development 

invoked low oxygen saturation and frequent anoxic events in the water column (Table 4, Fig. 6). During daytime, 

photosynthesis raised pH to above 9 (maximum 9.6) and caused undersaturation of dissolved CO2 (Fig. 6). This 

apparent undersaturation was also evident from manual measurements of pH and alkalinity. The permanent floating 

chambers equilibrating with the waterside likely had CO2 partial pressure delayed in time because the metabolic rates 

greatly exceeded the rates of gas transfer. In Pond 4, the CO2 efflux was lowered and on one occasion went from 

nocturnal emission to invasion in the water at noon at low surface water CO2 because of CO2 depletion by 

photosynthesis (Fig. 7). However, at low light and during night-time, respiration dominated and resulted in extensive 

CO2 oversaturation uncommon for deeper ponds (Andersen et al. 2017a). Concurrent manual measurements of water 

surface CO2 efflux revealed emissions at all times in Ponds 1 and 5 (Table 5). The observed diel O2 curves are highly 

irregular with spikes during days of low water levels in 2018, and are markedly different from the regular sinusoid O2 

curves in previous years with deeper water (2015, 2016 and 2017; Martinsen et al. (2017)).

Whole system metabolism was calculated during desiccation to compare rates from summer 2018 with 

measurements in previous years. It is evident that both GPP and R were low during very dry periods of low water levels

(summer 2018, Table 4). Moreover, NEP values became negative or zero during desiccation compared to positive NEP 

in previous summers with deeper water. The dominance of O2 consumption compared to production is also supported 

by the pronounced and consistent O2 undersaturation relative to atmospheric equilibrium compared to previous years 

(Table 4). The same low or negative NEP values were also evident during periods of low water levels in Pond 3 during 
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2015 and 2016. Pond 6 showed much less variations in water depth over time and did not exhibit the same low GPP and

R values as the desiccating ponds. 

Discussion:

Influence of extreme drought on ponds

The Scandinavian 2018 summer was extremely dry as is evident from satellite imagery (Fig. 1). If one disregards the 

last days of August, the precipitation was the lowest observed over the last 100 years on Öland. Combined with air 

temperatures generally >2 °C warmer than the long term average, shallow freshwater ecosystems with low summer 

inflow will inevitably be strongly affected. The extremity lies in the early onset and prolonged duration of this event, 

while the meteorological data during the week-long measuring campaigns in June 2017 and 2018 were similar (Fig. S1).

The conditions prior to June measurements resulted in very low water level in the investigated ponds which allowed us 

to examine the importance of CO2 efflux from air-exposed sediments. 

Because the ponds are ephemeral they are often subject to desiccation regulated by climate conditions. 

However, desiccation usually occurs one-two months later than in 2018 (Christensen et al. 2013). In the face of climate 

change, events such as those reported here are expected to increase in frequency and duration in the future with 

projected stronger winter rain as opposed to more frequent summer drought (Bates et al. 2008). Globally, the 

consequences associated with drought and transitioning of  freshwater ecosystems to seasonal or ephemeral stages 

require attention (Marcé et al. 2019). In a recent temporally resolved inventory of the Earth’s surface waters, it was 

reported that within the last about 30 years, 72.000 km2 (2.6 % of inland water surfaces) have transitioned from a 

permanent to a seasonal stage emphasising the substantial area subject to this phenomenon (Pekel et al. 2016).

Environmental drivers of CO2 effluxes from air-exposed sediments

As expected, we found much higher CO2 effluxes from recently air-exposed sediments compared to the pond water 

surface (Fig. 2, hypothesis 1). Only in completely dry sediments with negligible water content, did CO2 production 

decrease to undetectable levels (Fig. 3). It is evident that the CO2 effluxes are at their highest soon after sediments 

become exposed to air. This response is expected as the water content is high and labile organic matter is present due to 

the limiting oxygen supply during the falling water level before air exposure (Fig. 6, Table 4; Kosten et al. (2018)). As 
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the sediments continue to dry out, the efflux rates are regulated by the temperature and water content with water content

itself influencing the diel temperature course (Fig. 3 and 4). We found a negative relationship between organic matter 

content and CO2 efflux which differs from the positive relationship found in previous studies on ephemeral streams

(Gallo et al. 2014) and ponds (Catalán et al. 2014). If the CO2 efflux is carbon limited, a positive relationship to organic 

content is anticipated. However, because water content is by far the most important determinant of the CO2 efflux from 

desiccating pond sediments, an unknown ecological or statistical interaction may perhaps account for the unexpected 

relationship. A reduced CO2 efflux could arise if desiccating organic sediments experience a reduced exchange of 

oxygen and CO2 between the overlying air and the pore-waters of high degradation activity. 

The tight regulation of the CO2 efflux by sediment water content is similar to that in warm arid 

ecosystems (Leon et al. 2014; Vargas et al. 2018). A second peak of efflux may occur once the dry sediment is rewetted

suggesting accumulation of intermediary organic products that are finally converted to CO2 when water conditions 

improve (Fromin et al. 2010). Rewetting may further stimulate carbon processing by increasing the delivery of 

dissolved inorganic and organic carbon to surface waters (Kosten et al. 2018). The increased oxygen availability in 

sediments during air-exposure, which promotes CO2 production, also stimulates CH4 oxidation and reduce CH4 effluxes 

compared with inundated habitats (Koschorreck 2000). Thus, examination of greenhouse gas emissions from 

periodically air-exposed sediments in terms of total CO2 equivalents should be a priority for future research (Grinham et

al. 2018). 

The pronounced spatial variability between and within sites hampered our ability to resolve the time 

course of CO2 effluxes, and upscale our measurements to the entire system delineated by the maximum water covered 

area. While we were unable to provide reliable estimates of the influence of drying on the whole system carbon budget, 

the high CO2 effluxes and fast turnover of the sediment organic carbon pool during air exposure (Table 2) showed that 

this phenomenon plays a substantial role. The net carbon burial during fluctuating inundation and dry phases is 

important in the light of climate change, which is expected to influence the hydrological cycle by increasing the 

frequency and duration of drought (Mishra and Singh 2010) potentially exposing previously inundated organic carbon 

storages to enhanced degradation in air (Downing et al. 2008; Jin et al. 2016). As the age of our study ponds is known 

to be approximately 30 years, we can derive at an average carbon deposition rate per year as the mean of the organic 

carbon contents in the sediments divided by pond age. By using an observed median efflux of 7.6 mmol CO2 m-2 h-1 
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from air-exposed wet sediments, it would only take an estimated 18 days of air-exposure under moist conditions to 

respire the net annual carbon deposition. This calculation supports existing studies showing that carbon processing in 

temporary ponds is substantial even though they are not covered by water and it iterates the need for further studies on 

these processes (Fromin et al. 2010; Obrador et al. 2018).

The observed sediment CO2 efflux reflects the CO2
 partial pressure gradients between the sediment air 

pores and the overlying atmosphere and is driven by microbial CO2 production. We cannot be certain, however, that 

there is an exact 1:1 relationship between the measured CO2 efflux and the microbial CO2 production. This requires that 

the combined pools of CO2
 in the air pores and CO2 + HCO3

- in the pore water of the sediment either remain constant or 

undergoes small changes relative to the efflux rate during measurements (Skinner et al. 2014). The constant efflux rates 

over the measuring period suggest that this is the case. We expect that the CO2 partial pressures in the small water and 

air pores in the sediment remain close to equilibrium because of the minute distances, but HCO3
- pools in the pore water

may either increase or decrease as a result of changes in pH and alkalinity. Such changes may, in theory, derive from 

altered dissolution rates of carbonate (consuming CO2 and forming HCO3
-), oxidation of fatty acids (increasing pH and 

converting CO2 to HCO3
-) and pore-water volume. Repeated measurements at same spot during the day may be useful 

to evaluate the CO2 efflux-microbial production relationship.

Desiccation in ponds

In previous investigations of these charophyte-dominated ponds we have described a daily recurring inorganic carbon 

pump (Andersen et al. 2019). During daytime, a thermocline develops and separates the surface and bottom waters 

lasting until the water surface cools at night and causes vertical mixing (Andersen et al. 2017b). Charophyte 

photosynthesis is accompanied by daytime calcification and calcium carbonate loss from the surface waters to the 

bottom waters and sediments, while respiration in bottom waters re-dissolves calcium carbonate and vertical mixing 

reinjects dissolved calcium and bicarbonate into surface waters and supports subsequent photosynthesis (Andersen et al.

2017a). At high charophyte biomass in June, the net balance of carbonate precipitation and dissolution is close to zero

(Andersen et al. 2019) and will have no direct influence on air-water CO2 exchange despite the essential role of the 

inorganic carbon pump in driving photosynthesis and associated calcification (Sand-Jensen et al. 2018). Progressive 

desiccation will likely weaken the diel carbon pump as the water level and photosynthetic rate decrease and the pond is 
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turned into a net CO2 source to the atmosphere when charophytes undergo senescence and respiration (R) surpasses 

gross primary production (GPP).  

As we expected (hypothesis 2), GPP and R were generally of lower magnitude in June 2018 and NEP 

rates were slightly negative or zero compared to previous years with a higher water level in the ponds (Table 4;

Martinsen et al. (2017)). The reduced metabolic capacity is likely caused by several factors such as critically high water 

temperature, reduced water movement and damaged canopy structure by compression in a very shallow water column. 

The erratic temporal changes in pH and oxygen are likely caused by the negligible water movements within the canopy,

mainly occurring during nocturnal convective vertical mixing, while wind driven turbulence is attenuated by the dense 

canopy (Andersen et al. 2017b). Furthermore, the high pH in the small water volume during several hours each day 

likely reduces photosynthesis (Christensen et al. 2013). The net CO2 emission from the water surfaces also points at 

ongoing vegetation senescence in the ponds. A switch from net CO2 sink to net CO2 source during desiccation has also 

been observed in small experimental ponds (Gilbert et al. 2017).

The simple metabolism model previously used successfully in the same ponds could not adequately 

reproduce the observed oxygen signal when the model was fitted on data from a single day. Therefore, we used data 

from several days to estimate the metabolic parameters as this approach is less prone to sudden changes in oxygen. 

Other alternatives may include smoothing of the oxygen time series, for example using a simple moving averages or a 

Kalman filter (Batt and Carpenter 2012; Staehr et al. 2010). Another consequence of the restricted mixing could be an 

underestimation of sediment respiration. However, previous studies in Pond 4 found that the contribution of sediment 

respiration to total ecosystem respiration was low (~10%; Kragh et al. (2017)) and that the water volume below the 

diurnal thermocline was small relative to the entire pond volume (Martinsen et al. 2017). These conditions should result

in a low bias when estimating ecosystem metabolism despite the simple model applied. Future studies on the influence 

of physical processes may take advantage of more advanced metabolism models and field measurements of water flow 

using acoustic Doppler velocimetry (Brothers et al. 2017; Cavalcanti et al. 2016). 

Implications for organisms in ponds

Ponds support high biodiversity and many organisms rely on temporary systems for their existence (Biggs et al. 2017; 

Williams et al. 2004). However, it is remarkable that many organisms can cope with the extreme environmental 
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conditions including pronounced diurnal variations in these habitats (Fig. 6). Many invertebrates and amphibians

(Griffiths 1997) have adapted to life in temporary ponds, but leave the habitat before they desiccate. In addition to these

organisms, we observed small individuals of northern pike (Esox lucius) in Ponds 4 and 5, which had survived partial 

desiccation but succumb at complete desiccation. It is surprising that this fish species can survive considering the 

recurring hypoxia (< 2 mg l-1) combined with high water temperature (up to 28.4 °C in Pond 4; Fig. 6, Casselman and 

Lewis (1996)) and the increasing hypoxic stress at rising temperatures (Raat 1988). Presumably, northern pike can 

acclimate to these stressful conditions perhaps by selecting pockets of oxic water within the pond and down-scaling its 

metabolism. 

Conclusions

When small shallow vegetated ponds dry out, organisms within the pond may be challenged as environmental 

conditions worsen. The submerged macrophyte biomass built up during spring enters a stage of senescence reducing 

photosynthetic capacity and causing respiration to exceed gross primary production. This development changes the 

ponds from being net sinks to becoming net sources of CO2. Considering the periodically air-exposure of sediments, it 

is noticeable that large quantities of carbon are processed and emitted as CO2 into the atmosphere. Because heatwaves 

and irregular precipitation are expected to become more prominent in a future climate, the influence of altering 

hydrology on carbon processing in inland waters is a research theme, which requires more attention.
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Figure captions:

Fig. 1 Landsat satellite imagery (Landsat-8 image courtesy of the U.S. Geological Survey), map of the study area and 

drone images of three investigated ponds. From left to right: satellite image of Öland during August 2017 (left) and 

2018 (middle) along with drone imagery from three ponds (right). Also included, is an insert map of Ponds 1 to 5 

(middle) where CO2 effluxes from air-exposed sediments were measured (red dots). Drone imagery was recorded 

during 2017
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Fig. 2 Comparison of CO2 efflux measured during summer 2018 (mmol m-2 h-1) between habitats (see text) with box-

plots showing median (solid horizontal line), 25% and 75% quartile (upper and lower hinge), lines extending to one and

a half times the inter-quartile range (upper and lower whisker) and observations outside this range (points). Number of 

observations (n) and statistical differences between groups have different letters (A, B and C, p<0.05, Kruskal-Wallis 

test with Dunn’s test for multiple comparisons)
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Fig. 3 Sediment CO2 efflux measured during summer 2018 (solid line) and water content (dashed line) measured along 

a natural moisture gradient from the water edge to eight meters away (Pond 5). Mean values of two replicates
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Fig. 4 Temperature in air-exposed sediments measured during summer 2018 at seven sites (P1-P5) with different 

sediment status (different line colours) accompanying CO2 efflux measurements and air temperature (dotted line). Grey 

boxes indicate night-time
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Fig. 5 Relationship between sediment CO2 efflux (ln-transformed primary y-axis and original scale on secondary y-

axis) and water content (x-axis) as fitted from the linear mixed-effect model (solid line) and 95% confidence intervals 

(grey area). Filled points are observations used to fit the model (Table 3) and open points are data points where 

sediment temperatures were not measured and included in the model
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Fig. 6 Upper panels: Dissolved oxygen (% air saturation) and water temperature (secondary y-axis, dashed line). Middle

panels: water pH. Lower panels: CO2 partial pressure (µatm) measured in a permanent floating chamber (solid line), 

CO2 partial pressure in air (µatm, dashed line) and water side CO2 partial pressure estimated from alkalinity, pH and 

water temperature (µatm, open points). Measurements are from summer 2018 in Pond 4 and 5. Grey boxes indicate 

night-time
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Fig. 7 Continuous measurements of CO2 efflux (filled points) and incident irradiance (PAR 400-700 nm, dashed line, 

secondary y-axis) during two days in summer 2018 on Pond 4. Grey boxes indicate night-time
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Table 1. Overview of measurements from the investigated sites during 2017 and 2018.

Year Period Site Measurements

2017 June 12-17 Pond 6, 7 Metabolism; water CO2 flux

2018 June 11-16 Pond 1 Metabolism; water CO2 flux

Pond 4, 5 Metabolism; water CO2 flux; pH; CO2 partial pressure

Pond 1, 6 Metabolism

Pond 1 (I), 4 (I, II, III, IV), 5 (I, II) Sediment CO2 flux; sediment samples; sediment temperature

Pond 2, 3, 5a Sediment CO2 flux; sediment samples

a Additional measurements in Pond 5 along a wet-dry gradient every 1 meter.



Table 2. Sediment properties and CO2 efflux and turnover time of organic carbon pool at the investigated nine sites measured during summer 2018. Sediment status: 
wet or dry (threshold: 50 % water content) and with or without Chara. Other sediment characteristics: water content, sediment depth and content of organic matter 
(LOI550) and carbonates (LOI950) in upper 1 cm layer. Mean values, SD and number of replicates in parenthesis. 

Site Wet area State Distance from water edge Water content Depth LOI550 LOI950 CO2 efflux Turnover

(units) (%) (m) (%) (cm) (g m-2 cm-1) (g m-2 cm-1) (mmol m-2 h-1) (days)

Pond 1 (I)a 84 Wet sed. 0.4 73.8 (±3.5, 6) 13.4 (±2.3, 8) 299.2 (±54.1, 6) 781.6 (±87.6, 6) 29.3 (±18.4, 6) 190
Pond 2 0 Dry sed. 41.5 (±14.5, 5) 6.3 (±2.7, 8) 663.8 (±202.7, 5) 632.6 (±118.1, 5) 11.9 (±9.4, 5) 488
Pond 3 0 Dry sed. 15.2 (±29.5, 5) 4.8 (±3.1, 8) 444.5 (±134.7, 5) 879.7 (±434.3, 5) 8.1 (±11.1, 2) 366
Pond 4 (I)a 35 Wet Chara 0 81.4 (±6.1, 6) 15.4 (±1.2, 8) 331.7 (±43.5, 6) 306.4 (±42.6, 6) 9.1 (±6.4, 6) 780
Pond 4 (II)a Wet Chara 1.1 83.9 (±8, 6) 15.5 (±2.3, 8) 357.8 (±119.3, 6) 313.6 (±135.2, 6) 10.1 (±12.2, 6) 763
Pond 4 (III)a Wet sed. 2.4 66.3 (±5.5, 6) 5.4 (±2.3, 8) 413.5 (±83, 6) 660.4 (±125.1, 6) 11.6 (±3.6, 6) 267
Pond 4 (IV)a Dry sed. 3.7 8.7 (±6.1, 5) 1.9 (±0.6, 8) 422.1 (±135.3, 5) 793.7 (±270.2, 5) 0.9 (±0.3, 5) 1238
Pond 5 (I)a 26 Wet sed. 1.0 60.7 (±11.3, 6) 2.8 (±0.8, 8) 494.1 (±222.3, 6) 683.9 (±451.5, 6) 11.6 (±3.4, 6) 166
Pond 5 (II)a Dry sed. 2.5 10.6 (±9.4, 6) 2.1 (±0.6, 8) 632.1 (±135.5, 6) 1300.4 (±301.3, 6) 1 (±0.5, 4) 1844

a Denotes sites where temperature was also measured and used in the linear-mixed model.



Table 3. Linear mixed-model analysis for predicting CO2 efflux from air-exposed sediments (ln-transformed, n= 39). The table includes models within four AICc units 
of the best model along with the full model (all parameters included) and null model (intercept only). The table shows parameter estimates with standard errors in 
parenthesis, R2

marg, R2
cond, number of variables (K), log-likelihood (LL), AICc, ΔAICc and Akaike weights (ω) for each model.

Model Intercept Temp. Water cont. (Water cont.)2 Depth LOI550 LOI950 R2
marg R2

cond K AICc Δi ωi

(units) (mmol m-2 h-1) (°C) (%) (%2) (cm) (kg m-2 cm-1) (kg m-2 cm-1)
Temp. + Water + LOI550 + LOI950 -3.1 (1.1) 0.12 (0.032) 0.13 (0.014) -0.0011 (0.00015) -5.1 (1.2) 1.4 (0.49) 0.84 0.84 8 77 0 0.55
Full -2.8 (1.1) 0.13 (0.032) 0.13 (0.014) -0.00097 (0.00018) -0.036(0.032) -6 (1.5) 1.5 (0.49) 0.85 0.85 9 79 2.2 0.19
Temp. + Water + LOI550 -2.3 (1.3) 0.12 (0.031) 0.12 (0.017) -0.001 (0.00018) -3.4 (1.7) 0.79 0.84 7 80 2.7 0.14
Temp. + Water -4.1 (0.92) 0.13 (0.031) 0.12 (0.019) -0.00091 (0.00019) 0.74 0.83 6 80 3 0.12
Null 1.7 (0.45) 0 0.78 3 100 23 0



Table 4. Ecosystem metabolism (GPP, NEP and R), oxygen saturation, water temperature, surface area, mean depth (zmean) in the investigated ponds during 2017 and 
2018 along with previously published data from 2015 and 2016 (a, Martinsen et al. (2017)). Previous measurements of metabolism are estimated every day while the 
2017 and 2018 estimates are calculated based on multiple days (see duration). Dissolved oxygen saturation, water temperature, zmean and metabolism estimates from 
2015 and 2016 are reported as means with ranges in parenthesis. Metabolism estimates from 2017 and 2018 are reported as the estimated values and 95 % confidence 
interval in parenthesis.

Site Year Duration Area zmean GPP NEP R Dissolved oxygen Water temperature

(units) (days) (m2) (m) (g O2 m-2 day-1) (%) (°C)

Pond 1 2015a 4 81 0.22 11 (9.3-14) 1.8 (0.1-3.6) -9.2 (7-13.9) 121 (24-243) 18.6 (10.4-30.7)

Pond 3 4 340 0.05 1.2 (0.9-1.7) -0.5 (-0.8--0.2) -1.7 (1.3-2.1) 67 (12-115) 18 (9.2-31.5)

Pond 4 63 855 0.25 3.3 (0.4-7.4) 0.4 (-0.4-2) -2.9 (0.5-7.3) 110 (57-187) 12.2 (2.9-24.3)

Pond 5 63 2158 0.17 2.2 (0.4-4.9) 0.1 (-0.2-0.7) -2.2 (0.5-4.6) 104 (39-169) 11.6 (2.4-23.7)

Pond 1 2016a 9 85 0.3 14.2 (11.8-16.4) 2.3 (0.6-4.8) -11.8 (8.7-14.6) 121 (30-222) 19.8 (10.6-28.3)

Pond 2 9 311 0.17 12.4 (9.9-15.3) 1.5 (-0.2-2.6) -10.9 (7.7-14.9) 121 (6-278) 19.9 (8.6-31.6)

Pond 3 9 431 0.12 3.4 (2.0-4.8) 0.1 (-0.2-0.2) -3.3 (1.9-4.8) 96 (18-202) 18.8 (8.1-29.7)

Pond 4 10 827 0.31 8.9 (6.0-12.0) 1.8 (0.6-3.6) -7.1 (3.5-10.2) 119 (44-186) 20.4 (11.7-29.2)

Pond 6 2017 3 91 0.31 11.3 (8.4, 14.5) 0.7 -10.6 (-8.3, -13.4) 125 (53-210) 17 (14.3-20)

Pond 7 3.8 4841 0.22 2.4 (1.4, 3.9) 0.4 -2 (-1.4, -2.8) 111 (74-147) 19.1 (14-26.1)

Pond 1 2018 3.6 71 0.11 1.8 (0, 3.2) 0 -1.8 (0, -2.9) 30 (0-104) 20.5 (13.8-30.8)

Pond 4 4.9 353 0.09 1.8 (0.8, 32.5) -0.4 -2.2 (-1.2, -3.3) 28 (0-127) 20.1 (13.8-33.4)

Pond 5 4.9 780 0.17 1.4 (0, 154.6) -1.2 -2.6 (-1.5, -4.2) 33 (0-121) 20.2 (15.3-27.3)

Pond 6 4.9 91 0.31 7.4 (5.1, 11.1) -0.2 -7.6 (-6.2, -8.9) 77 (8-173) 19 (16.9-26.6)



Table 5. CO2 flux from the pond water surface at sites measured during 2017 and 2018 reported as means (±SD, number of determinations).

Site Year CO2 efflux (mmol m-2 h-1)

Pond 6 2017 0.4 (±0.4, 33)

Pond 7 -1.9 (±0.4, 4)

Pond 1 2018 4.7 (±1.6, 15)

Pond 4 0.7 (±0.4, 66)

Pond 5 1.5 (±0.4, 7)


