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Abstract 
Wetlands are globally important biogeochemical hotspots, and their roles as either significant sources of 
greenhouse gas or carbon sinks are strongly controlled by environmental drivers such as carbon, 
nitrogen, and phosphorus availability, which can stimulate emission of three greenhouse gases: nitrous 
oxide (N2O), carbon dioxide (CO2) and methane (CH4). Mounting evidence suggests that aquatic 
invertebrate activity can enhance wetland greenhouse gas flux, through bioturbation and bioirrigation of 
surrounding sediments. However, waterbirds reduce the density of aquatic invertebrates, which could 
potentially reduce greenhouse gas flux. Alternatively, the nutrient contents of waterbird guano may 
stimulate microbial activity responsible for these gas fluxes. The research project FLAMMINGGOS 
(Functional Links in Avian, Microbial, Macrophyte, and INvertebrate Greenhouse Gas Output 
Stimulation) aims to test the relative strength of top-down and bottom-up effects of predatory waterbirds 
on wetland greenhouse gas fluxes. This study is a part of the FLAMMINGGOS project and studied the 
bottom-up stimuli effects of methane flux, through addition of waterbird guano to sediment cores 
sampled from three sites in Doñana, Spain. Guano did not enhance methane flux; on the contrary, the 
overall flux rates decreased after guano addition for one site. There was also a positive correlation 
between methane flux and the presence of benthic invertebrates. This suggests that the top-down gas-
stimuli effects of waterbirds may be stronger than the bottom-up; benthivorous waterbirds, such as 
flamingos, may lessen the emissions of CH4 through predation on benthic invertebrates. Further 
research is however required to fully understand these interactions and gas flux stimuli effects. 

Keywords 
Aquatic invertebrates, bottom-up effects, CH4, Doñana, greenhouse gases, mesocosm, methane, 
sediment cores. 
 
 
 
Sammanfattning 
Våtmarker är globalt viktiga biogeokemiska hotspots, och deras roller som antingen växthusgaskällor 
eller kolsänkor är starkt beroende på miljöfaktorer såsom kol-, kväve- och fosfortillgänglighet, vilka kan 
stimulera flödet av tre växthusgaser: dikväveoxid (N2O), koldioxid (CO2) och metan (CH4). Alltmer bevis 
tyder på att akvatiska evertebraters aktiviteter kan stimulera våtmarkers växthusgasflöden, genom 
bioturbation och bioirrigation av omkringliggande sediment. Däremot minskar vattenfåglar tätheten av 
akvatiska evertebrater, vilket potentiellt skulle kunna reducera växthusgasflöden. Alternativt kan 
näringsinnehållet från fågelguano stimulera den mikrobiella aktiviteten ansvarig för dessa gasflöden. 
Forskningsprojektet FLAMMINGGOS (”Functional Links in Avian, Microbial, Macrophyte, and 
INvertebrate Greenhouse Gas Output Stimulation”) strävar efter att testa den relativa styrkan mellan 
”top-down” och ”bottom-up” effekterna av vattenlevande rovfåglars påverkan på våtmarkers 
växthusgasflöden. Denna studie är en del av FLAMMINGGOS projektet och undersökte bottom-up 
stimuli effekterna av metangasflöden, genom tillsats av fågelguano till sedimentkärnor tagna från tre 
platser i Doñana, Spanien. Guano förstärkte inte metangasflöden; tvärtemot minskade flödena för en av 
platserna generellt efter tillsats av guano. En positiv korrelation påvisades också mellan 
metangasflöden och närvaron av bottenlevande evertebrater. Detta antyder att top-down gas-stimuli 
effekterna av vattenfåglar kan vara starkare än bottom-up effekterna; bentivora vattenfåglar, till exempel 
flamingor, kan eventuellt reducera metangasflöden genom predation på bottenlevande evertebrater. 
Vidare studier krävs för att till fullo förstå dessa interaktioner och stimulieffekter av gasflöden. 
 
Ämnesord 
Akvatiska evertebrater, bottom-up effekter, CH4, Doñana, mesokosm, metan, sedimentkärnor, 
växthusgaser. 
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1. Introduction 

1.1 Wetlands – a global perspective 
Wetlands are one of the most biodiverse aquatic biotopes in the world, hosting a wide array 

of globally threatened and endemic species. They provide a number of ecosystem services, 

such as disturbance regulation, water supplies and waste treatment (Costanza et al. 1997), 

and supply humans with food, recreation and living space. For centuries (or even 

millennia), all tropical and subtropical wetlands have harbored, and some still harbor, 

traditional societies who sustainably managed these ecosystems. The estimated global 

value of the ecosystem services, biodiversity and cultural aspects which wetlands provide 

(6.579 x 109 USD year-1) surpass that of all non-marine ecosystems combined (5.740 x 109) 

(Junk et al. 2013). While these estimated numbers have been challenged, the ecological and 

socioeconomic importance of intact wetlands are still without a doubt huge. Today, 

wetlands support nearly 1000 wetland-dependent waterbird species, as well as numerous 

mammals, fish and amphibians which all thrive in these freshwater environments (MEA 

2005). 

MWetlands are either small and scattered areas or major landforms, and can be part of 

marine, coastal or freshwater environments (such as lakes, bogs, rivers and marshes). 

Wetlands receive and retain water from their surroundings and depend entirely on the 

hydrological cycle (both man-regulated and natural). By receiving and retaining water from 

their surrounding water catchment areas, wetlands accumulate chemicals and organic 

matter, and therefore have a range of functions which are crucial for chemical 

decomposition and nutrient cycling. (EEA 2008; Woodward & Wui 2001). 

MToday, estimates of global wetland area range from 5.3 to 12.8 million km2 (Zedler & 

Kercher 2005), covering at least 6% of the Earth’s surface (Junk et al. 2013), but estimates 

varies depending on the term definition (Hu, Niu, & Chen 2017). About two-thirds of the 

European wetlands and about half the global wetland area that existed 100 years ago have 

been lost (European Commission 1995; Zedler & Kercher 2005), mainly due to draining, 

overexploitation and introduction of invasive alien species (MEA 2005). However, since 

the Ramsar Convention of 1971, 144 nations have received support to protect their most 

significant remaining wetlands (Zedler & Kercher 2005). 
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1.1.1 The Doñana wetlands 

One of the nations covered by the Ramsar convention is Spain. The convention entered into 

force in Spain on September 4th, 1982 and the country currently has 75 Ramsar sites 

designated as Wetlands of International Importance, with a surface area of 304,564 hectares 

(The Ramsar Convention Secretariat 2014). Located in the southwest of the country (Fig. 

1), the Doñana wetlands include parts of the provinces of Huelva, Sevilla, and Cadiz and is 

Spain’s largest Ramsar site, a Biosphere Reserve, as well as the country’s third largest 

national park (followed by Picos de Europa and Sierra Nevada), measuring at 54,300 

hectares.  

Doñana contains one of the largest wetland complexes in Western Europe, consisting of a 

complex matrix of marshlands and seasonal dune ponds. It is surrounded by Mediterranean 

scrubland, pine forests and cultivated areas (Fig. 2). Two main habitat types characterize 

Doñana’s natural wetlands: extensive seasonal marshes and the adjacent wind-deposited 

sands with natural depressions, which in rainy years can hold over 3,000 temporary ponds 

(Díaz-Paniagua et al. 2010). These ponds form a network of aquatic habitats of specialized 

aquatic flora and fauna, with different strategies to resist summer desiccation, whereas the 

Doñana marshes have many similarities with the Camargue in the Rhône river delta in 

Figure 1. The Doñana wetlands are located in the southwest of Spain. Data sources: EEA, DIVA-GIS, 
Bjørn Sandvik. 
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France (Parc Naturel Régional de Camargue). The area also holds a highly diverse 

combination of European and African flora and fauna, including many globally threatened 

species such as the marbled duck (Marmaronetta angustirostris), Spanish imperial eagle 

(Aquila adalberti) and Iberian lynx (Lynx pardinus), as well as Iberian endemics (Green et 

al. 2016). Over 500 000 waterbirds winter annually in Doñana in January, more than any 

other wetland in Europe, and the amount has increased over the past 15 years. Common 

species include greater flamingo (Phoenicopterus roseus), northern shoveler (Spatula 

clypeata) and Eurasian coot (Fulica atra), to mention a few (Kloskowski, Green, Polak, 

Bustamante & Krogulec 2009; ICTS Doñana 2015). 

Doñana is characterized by the Mediterranean climate – a sub-humid climate with rainy 

and mild autumns and winters, combined with hot and dry summers. Average annual 

rainfall is 549 mm, and the average daily temperature ranges from 4.6°C in January to 32.6 

°C in July. The wetland starts to flood from September onwards, and the maximum water 

levels are reached during February. In late spring, evaporation becomes the most important 

factor influencing water levels, and both the marshes and ponds dry up slowly until most 

of the surface area is completely dry by the end of July (Green et al. 2016).  

Figure 2. Map over land use distribution and covers in the Doñana Natural Space (DNS, or “Doñana 
Espacio  Natural”). From The Wetland Book (Green et al. 2016). 
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1.2 Wetland greenhouse gas emissions 

1.2.1 Carbon sinks and methane sources 

With frequent inundations and evaporation of water bodies, combined with a high level of 

biodiversity, wetlands are truly biogeochemical hotspots. Multiple studies (Chmura et al. 

2003; Zedler & Kercher 2005; Moseman-Valtierra 2012; Mitsch et al. 2013) have shown 

that wetlands are an optimal natural environment for the sequestration and long-term 

storage of carbon dioxide (CO2) from the atmosphere, yet at the same time are natural 

sources of greenhouse gas (GHG) emissions, especially methane (CH4). In a study 

published by Mitsch et al. (2013), the world’s wetlands, despite being only about 5–8 % of 

the terrestrial landscape, were estimated to be net carbon sinks of about 830 Tg/year of 

carbon with an average of 118 g-C m-2 year-1 of net carbon retention. In contrast, the net 

emission of methane was estimated to 448 Tg/year (as carbon), with 78 % coming from the 

tropical/subtropical wetlands. When balancing carbon sequestration and methane 

emissions from wetlands globally, they concluded that wetlands can be created and restored 

to provide carbon sequestration (and other ecosystem services, such as those previously 

mentioned) without great concern of creating net radiative sources on the climate due to 

methane emissions.  

MIn fact, global methane emissions have varied greatly over the past 100 years, and while 

tropical wetlands are the world's largest natural source of methane, global emission sources 

are claimed to be ca ⅔ anthropogenic and ⅓ natural (Nisbet, Dlugokencky & Bousquet 

2014). Methane emissions vary with latitude, and the emissions from non-tropical wetlands 

and their roles as either significant carbon sinks or greenhouse gas sources are strongly 

controlled by environmental drivers such as carbon (C), nitrogen (N), and phosphorus (P) 

availability (Moseman-Valtierra et al. 2011; Nisbet, Dlugokencky & Bousquet 2014; 

Huertas et al. 2017). For example, short term additions of nitrogen can shift a wetland from 

a sink to a source of N2O (Moseman-Valtierra et al. 2011), seasonally inundated wetlands 

emit less methane than those which are permanently flooded (Altor & Mitsch 2006; 2008), 

and the vegetation present in the wetland affect these fluxes as well (Carmichael et al. 

2014). 
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1.2.2 Microbial communities and benthic invertebrates 

Invertebrates play a crucial role as decomposers of organic matter in terrestrial as well as 

in aquatic environments. Many benthic aquatic invertebrates, such as chironomid midge 

larvae (Diptera: Chironomidae) and aquatic worms (Oligochaeta, Polychaeta), thrive on 

organic matter deposited on the bottom of ponds, lakes and streams. In ponds typically 

found in wetlands, such as those which flood and dry on a seasonal basis, benthic 

invertebrates form a dynamic ecosystem combined with the various microbial communities 

they share the sediments with. As oxygen diffuses 10,000 times slower in water than it does 

in air, and some oxygen is constantly respired to CO2, anoxic environments are in many of 

these ponds common. It is in these environments in which methanogenesis occurs, 

gradually building up methane which can become trapped in gas pockets in the sediments. 

(Schlesinger & Bernhardt 2013, pp. 233–273). Methane can also be oxidized in these 

environments by methane oxidizing bacteria (MOB, and other methanotrophs), which in 

turn can cause CH4-derived carbon to be incorporated into aquatic food webs via 

invertebrate consumption (Deines, Bodelier & Eller 2007). It has been suggested that 

invertebrate consumption of MOB may enhance CH4 flux by decreasing CH4 oxidation 

(Kankaala, Eller & Jones 2007), though this has yet to be demonstrated experimentally. 

Also, in the presence of sulfur, methanogenic microorganisms have been shown to become 

outcompeted by sulphate reducing bacteria (SRB), subsequently reducing methane gas flux 

(Yoda, Kitagawa & Miyaji 1987; Raskin, Rittmann & Stahl 1996). 

MIn summary, the interactions between and within the microbial communities are complex, 

and difficult to predict. It is however possible to test microbes for genes that are functionally 

linked to GHG fluxes (such as pmoA, mcrA, archaeal amoA, nirK, nirS, nosZ) and, as 

described by Grey et al. (2004), stable isotope ratios (e.g. δ13C, δ15N) can be analyzed to 

determine the degree to which invertebrates may feed on methane-oxidizing bacteria. 

Water and sediment samples can also be taken to estimate nutrient contents and sediment 

porosity. 

MThese are all valuable tools for understanding gas fluxes in an aquatic ecosystem. 

However, in a natural environment, one must not forget the importance of the 

aforementioned higher trophic level: the invertebrates, especially benthic invertebrates that 

share the sediments with the microbial communities. 
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Benthic invertebrates, as previously mentioned, can predate on MOB, possibly enhancing 

CH4 flux. However, there is another more tangible and evident way in which these 

invertebrates can enhance methane emissions, which is by burrowing. 

MAs benthic invertebrates burrow into the sediments, the sediment surrounding the 

invertebrate becomes oxygenated, allowing microbes to settle deeper into the soil and new 

organic material to be processed. Methane and other gases trapped in the sediment can be 

released through bioturbation and the sediment is enriched with new nutrients through 

bioirrigation. Due to oligochaetes and chironomid larvae burrowing differently in the 

sediments, though sharing the same habitat, they have different effects on nutrient cycling 

and GHG fluxes, as described by Mehring et al. (2017). For example, chironomid midge 

larvae bioirrigate sediments through construction and ventilation of U-shaped tube 

burrows, while oligochaetes redistribute sediments to a greater degree and at greater depths 

than midge larvae, through “conveyor-belt feeding”. (Fig. 3). 

 

Figure 3. Wetland sediment inhabited by a midge larva in its U-shaped burrow, and oligochaete 
worms feeding head-down in sediments. Oligochaete consumption of organic particles from deeper 
sediment layers, and the subsequent accumulation of particles at the sediment surface, causes a 
downward movement of sediment, the rate of which is determined by oligochaete size and density. 
Particles move downward until they reach the zone of oligochaete feeding, where they are ingested 
and transported rapidly above the sediment surface. This process, which may be repeated several 
times, results in enhanced transport and “conveyor belt” cycling of organic particles between oxic 
and anoxic layers of sediments. Meanwhile, midge larvae ventilate their U-shaped burrows in 
shallower layers of sediment, alternately drawing nitrate and oxygen as well as organic particles 
into burrows, thereby enhancing oxygenation of sediments, nitrification, and denitrification, and the 
production of N2 and N2O in shallow sediments. Caption and figure adapted from Mehring et al. 
(2017). 
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In the same study, a positive multiplicative effect of aquatic worm density, temperature, 

and sediment C concentration on benthic CO2 and CH4 flux was observed. Mounting 

evidence now suggests that benthic aquatic invertebrates such as chironomid midge larvae 

and aquatic worms can enhance GHG emissions through the processes mentioned above 

(Figueiredo-Barros et al. 2009; Nogaro & Burgin 2014; Hölker et al. 2015; Mehring et al. 

2017).  

1.3 Avian effects on aquatic invertebrates 
In a wetland environment, waterbirds are vital part of a healthy ecosystem. In Europe, many 

species annually winter in wetlands found in the Mediterranean region, providing shelter 

from the cold season in the north. These birds, whether herbivorous, carnivorous or 

omnivorous, have a great impact on nutrient distribution and cycling in the wetlands in 

which they reside. In terms of GHGs, waterbirds may influence the flux and buildup of 

gases in two substantial ways – top-down control of invertebrate populations and bottom-

up nutrient enrichments from guano. 

1.3.1 Top-down: Predation 

Waterbirds have been shown to significantly reduce the densities of functionally important 

invertebrate taxa, especially chironomid larvae. In a study by Rodríguez-Pérez & Green 

(2012), greater flamingo- and all-bird exclosures were built in Doñana Natural Park and 

compared to control plots over a year. In winter, they found that the number of benthic 

polychaetes and chironomids were nearly 2x higher in flamingo exclosures than in control 

plots, and that the difference in macroinvertebrate biomass was ~4x higher in the all-bird 

exclosures. Flamingos are in particular very strong influencers on the sediments, and 

significantly affect benthic organisms either directly by predation or indirectly by 

bioturbation produced by their feeding behavior (Fig. 4). 

MAuthors of other various exclosure studies have focused on the role of shorebirds in the 

coastal zone as benthic invertebrate predators, but studies of other bird groups or in other 

habitats are few. While, for example, diving ducks have been shown to have profound 

effects on the abundance of bivalves, few studies have been done on the influence of 

waterfowl (i.e., Anatidae and coots) on other benthic invertebrates (see Rodríguez-Pérez & 

Green 2012, and references therein) 
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Figure 4. Greater flamingos forage by repeatedly stepping and stirring up invertebrates, creating 
ca. 1 m in diameter “craters” in the sediment. This aerial photograph shows craters made by Greater 
flamingos in the ponds of Veta la Palma, Doñana, right after the birds flushed. From Rodríguez-
Pérez & Green (2012). 

It should also be noted that, while not directly related to invertebrate densities, birds exert 

another top-down effect on GHG emissions, which is by grazing. By damaging plant tissue 

(Dingemans, Barker & Bodelier 2011) or by reducing the oxygenation of wetland 

sediments by plant roots (Winton & Richardson 2017), waterbirds can alter macrophyte-

facilitated GHG emissions, as aquatic plant stems provide direct conduits of GHG from 

underlying sediments to the atmosphere (Carmichael et al. 2014). 

1.3.2 Bottom-up: Guano 

While waterbirds exert top-down effects (i.e. predation, herbivory) with the potential to 

alter GHG emissions, their bottom-up effects from the provision of C, N, and P via 

defecation may further influence GHG emissions. The nutrients from their defecation may 

stimulate the activity and growth of microbes, aquatic plants, and invertebrates (Olson, 

Hage, Binkley & Binder 2005; Van Geest et al. 2007; Green & Elmberg 2014), all of which 

have the potential to alter wetland GHG emissions. Multiple studies (Don & Donovan 

2002; Hahn, Bauer & Klaassen 2007; Dessborn, Hessel & Elmberg 2016) have estimated 

the nutrient amounts originating from waterbird guano, in terms of nitrogen and 

phosphorous, during different seasons of the year and originating from different species. 
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Goose guano, for example, have been studied due to its impact on agricultural land and the 

average total N and P content of geese feeding on agricultural crops can respectively 

amount to 2.13 and 0.43% of the guano dry weight, during spring time (Dessborn, Hessel 

& Elmberg, 2016). Waterbird guano has also been shown to increase microbial production 

of N2O and CH4 through the provision of labile N and C (Liguang, Zhu, Xie & Xing 2002), 

and aquatic invertebrates such as polychaetes and oligochaetes may further amplify the 

effects by increasing the rate at which these nutrients are incorporated into sediments 

(Christensen, Vedel & Kristensen 2000; Mehring et al. 2017). 

1.4 The FLAMMINGGOS project 
Started in September 2018, the “Functional Links in Avian, Microbial, Macrophyte, and 

INvertebrate Greenhouse Gas Output Stimulation” (FLAMMINGGOS) project is an EU-

funded post-doctoral project (EU Grant agreement ID: 799434) at the Doñana Biological 

Station (Estación Biológica de Doñana, EBD), located in Sevilla. The project progresses 

until August 2020 and is led by Marie-Curie fellow and PhD Andrew Mehring, under 

supervision by Professor Andy Green. The project aims to find connections between the 

various previously discussed trophic levels (waterbirds, invertebrates and microbes) which 

all can influence GHG flux, and to test for both top-down and bottom-up effects of 

waterbirds that may modify wetland GHG emissions. For this, the Doñana wetlands are an 

ideal location; as mentioned, Doñana contains one of the largest wetland complexes in 

Western Europe and harbours more waterbirds (winter-time) than any other wetland in 

Europe. The feeding activities of waterbirds may give rise to GHG flux changes due to 

trophic cascades from waterbirds to microorganisms, through predation on invertebrates, 

or, increase GHG flux by loading the wetland with guano-derived nutrients. Understanding 

the relative strength of top-down and bottom-up effects of predatory waterbirds in wetlands 

may be critical to our understanding of the forces controlling wetland GHG emissions, 

which in turn is necessary to successfully predict and model global GHG fluxes to the 

atmosphere. The main goal of the project is to investigate these top-down and bottom-up 

effects and find the functional links between them, which are missing today. (European 

Commision 2018) 
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1.5 Study objectives 
The aim of the present study is to assess the water-air interface methane emissions of the 

three different FLAMMINGGOS study sites (Veta la Palma, Caracoles and Odiel), with 

the purpose of gaining a better understanding of benthic microbial and invertebrate gas flux 

stimuli effects. The aim is also to establish a comparative dataset for future studies related 

to the FLAMMINGGOS project. The bottom-up effects of two types of bird guano were 

investigated through a controlled mesocosm experiment, in which guano was added to 

sediment core samples.  

Question formulation: Does addition of nutrients in the form of guano stimulate CH4 flux? 

If so, which type of guano has the highest impact? If there is no change after guano addition, 

which other factors seem to govern CH4 flux? 

Hypothesis: Sediment cores which receive guano will have a higher CH4 flux in comparison 

to those which receive no guano, due to a higher concentration of nutrients. Predator guano 

will have a greater impact on CH4 flux than herbivore guano. Invertebrate densities will 

have a profound effect on CH4 fluxes.   
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2. Materials and methods 

2.1 Study sites 
Veta la Palma, Caracoles and Odiel were selected as suitable field sites for sediment core 

sampling, as decided by the FLAMMINGGOS project (see Appendix A for site locations 

in Doñana). From each site, three ponds were selected for sediment core samples from 

which three cores were collected each, for a total of 27 cores (Fig. 5). The ponds have their 

own unique code names, such as “4N1MP” or “E16”, but for the sake of this study they 

were designated the codes “P1” to “P3”. Each subsequent sediment core would then be 

named in the order it was sampled, such as “P1-2”, where “P1-1” would be sampled before 

“P1-3”. The sites were in turn referred to as VLP (Veta la Palma), CRC (Caracoles) and 

ODL (Odiel). Cores will therefore from here on be referred to with their site- as well as P-

code name (for example, “VLP P2-1” means “the first core sampled in pond two from Veta 

la Palma”). Below follow maps and descriptions over the three study sites and where each 

respective sediment core was sampled. Maps were all created using satellite images data 

(Google 2019). 

 

DOÑANA

Veta la Palma

P1

P1-1 P1-2 P1-3

P2 P3

Caracoles Odiel

Figure 5. Schematic illustration of the study design. In Doñana, three different sites were selected for 
sediment core sampling. Three sediment cores were collected from three ponds in each site, for a total 
of 27 cores (3·3·3). Pictures from top to bottom, left to right: Red fox (Vulpes vulpes), foraging Greater 
flamingos (P. roseus), Chamomile fields (Matricaria chamomilla), salt piles, ponds and sample cores. 
Pictures are all taken on sites by the author or project workers. 
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2.1.1 Veta la Palma 

The Veta la Palma estate is located in the municipality of Puebla del Río, Sevilla, and 

composes over half of the Isla Mayor area. Veta la Palma borders to the river Guadiamar, 

a tributary of the Guadalquivir river, and is within the Doñana Nature Reserve. Isla Mayor 

has seen a long process of transformation over time, due both to the natural evolution 

caused by silting and the effects of human activity. The first attempts to exploit the 

resources from Isla Mayor date back to the 19th century, but farming really began in the 

20th century in the area. 

MDuring the 1940s and 50s, the cultivation of rice became the main economic activity on 

the Isla Mayor del Guadalquivir, with 14,000 hectares of rice fields occupying the northern 

half of the island. In the southern part, however, extensive farming of livestock in the fields 

owned by the Veta la Palma estate was the main activity until the end of the 1970s. In 1982, 

the estate was acquired by the Hisparroz S.A. group, which transformed it into “Pesquerías 

Isla Mayor, S.A.” (PIMSA).  After an introductory period, PIMSA was in 1990 authorized 

to introduce fish farming to the area. Initially using only 600 hectares of the estate, the 

project was gradually extended to several ponds totalling 8,000 acres (Fig 6). Today, a 

further 8,000 acres are dedicated to dry crops and 1,000 acres to the cultivation of rice.  

Figure 6. Site overview of Veta la Palma, south-east Doñana. Actual pond code names are seen on 
the left, study code names on the right. GPS coordinates: 36°56'04.2"N 6°14'17.7"W 
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The remaining 12,000 owned by the estate are maintained to preserve the original Doñana 

wetland biotopes (Veta la Palma 2019). 

MThe present fish farming ponds are strictly controlled in terms of flooded area (8000 

acres), depth (40-50 cm), and salt content (20-25 ppt). The environmental regulation of the 

area contributes to the massive development of micro-algae, which are responsible for 

assimilating the excessive amounts of nitrogen and phosphorus in the water. In this way, 

the water from Veta la Palma which is returned to the Guadalquivir river is kept at a good 

quality level in terms of its physical and micro-biological properties. The extensive fish 

farming has also attracted a range of nesting and migratory bird species. The total bird 

population of Veta la Palma can reach a figure of 600,000 covering some 250 different 

species annually, of which more than 50 are in some degree threatened in other areas (Veta 

la Palma 2019). This, in combination with the high biodiversity values and amount of 

ecosystem services Veta la Palma provides (Kloskowski et al. 2009; Walton et al. 2015; 

Fernández-Rodríguez et al. 2018), makes it an ideal study site for the FLAMMINGGOS 

project. 

2.1.2 Caracoles 

About 15 km north-west of Veta la Palma are the experimental ponds of Caracoles estate, 

located in Doñana National Park. This area of former temporary marsh (2,700 ha) was 

transformed to agricultural land in the 1970s, drained and intensively cultivated with 

Figure 7. Map of Caracoles. Note the elliptical shape and three distinct sizes of the ponds.  
Pond P3 on the right half of the map has the same scale as P1 & P2. GPS coordinates: 37°03'58.3"N 
6°19'22.7"W. 
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cereals until 2004. In 2004, Caracoles estate was added to the National Park area as part of 

a larger restoration effort to compensate for the loss of the natural temporary marshes in 

the Guadalquivir river delta over the 20th century (also known as the "Doñana 2005" 

project). The surrounding dykes and agricultural drainage system in the estate were 

removed and a set of 96 experimental temporary ponds were created between summer 2004 

and spring 2005. While the new ponds were excavated, the old streambed (“Caño 

Travieso”) was connected to natural marshes to the south to prevent flooding (Badosa et 

al. 2010). All the ponds have the same elliptical shape, but three different sizes (surface 

areas of 0.18, 0.74 and 2.95 ha) and two excavation depths (30 and 60 cm). The ponds are 

distributed in two major blocks of 44 ponds, one block to the north and another to the south, 

plus eight relatively isolated ponds distributed throughout the estate. The ponds are filled 

with rainwater after heavy rainfall, making salinity levels low (<5 ppt). The idea is that the 

Caracoles estate will be restored into marsh over the next few years (Santamaría et al. 

2005), and multiple studies have already investigated colonization rates and diversity for 

these ponds (Frisch & Green 2007; Badosa et al. 2010; Frisch, Cottenie, Badosa & Green 

2012). The ponds investigated in this study are the 0.74 hectare, 30 cm deep ones, which 

are part of the northern block (Fig. 7). 

2.1.3 Odiel 

 Figure 8. Overview map of Odiel (Marismas del Odiel). The map has been split for each studied 
pond, all with the same map scale. Note the extra core P3-4 in the bottom left of the P3 pond.  
GPS coordinates: 37°14'36.1"N 6°59'38.1"W 
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Located to the south of the province of Huelva, the “Marismas del Odiel” borders to the 

Atlantic Ocean and the mouths of the Tinto and Odiel rivers. The encounter between fresh 

and salt waters has given rise to a complex estuary system influenced by the tides, making 

the Odiel marshes one of the most important tidal marsh area of the Andalusian coast. The 

Marismas are declared as a Biosphere Reserve, a RAMSAR site, and contains two nature 

reserves, "Marismas del Burro" and "Isla de Enmedio". Both nature reserves are between 

0-3 meters above sea level and are naturally flooded by high tides from the Atlantic Ocean. 

MThe Marismas include constantly changing coastal ecosystems, such as tidal marshes, 

continental marshes and coastal sand ecosystems. This together with the characteristics of 

the physical environment (tides, salinity, etc.) gives the area a great richness and variety of 

habitats and landscapes. While the redistribution of sediments and nutrients by the tides 

determines the growth of the marsh, the Marismas del Odiel is a very prominent area in 

which migratory passages are created, where in the winter a multitude of threatened bird 

species seek refuge. Species include greater flamingos (P. ruber), little terns (Sterna 

albifrons) and a wintering population of ospreys (Pandion haliaetus). Further, one of the 

largest breeding colonies of spoonbills (Platalea leucorodia) can be found here, composing 

roughly 30% of the European population (Marismas del Odiel: Centro de visitantes 2019). 

MThe ponds selected for this study (Fig. 8) are located less than a kilometer directly west 

of Isla de Enmedio and are all part of the Marismas del Odiel. The ponds, which have been 

artificially created, are farmed by man for one of the most economically important coastal 

resources: salt. The salt farm “Salinas del Odiel” covers a total area of over 1,300 hectares 

and is split into 12 crystallizing ponds, where the seawater of the Atlantic Ocean enters by 

a natural process of high-tide waters. The water rests in the ponds until the optimal level of 

salt concentration is reached, at which time the water from the ponds is drained. The salt 

then crystallizes, is harvested and processed at the nearby processing plant. The salt export 

from Odiel covers 30% of the needs of the Spanish market, making Salinas del Odiel one 

of the greatest national salt industries (Campos Carrasco 2017; Salinas del Odiel 2019). 
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2.2 Preparatory work and sampling 

2.2.1 Guano 

In previous similar mesocosm experiments, addition of guano has been based on daily 

guano production amounts of the bird species of interest (Unckless & Makarewicz 2007). 

Similarly, for this study, a natural amount expressed in g m-2 was desired. Figures of daily 

guano production are difficult to find, as most studies rather focus on the annual guano 

nutrient loading effects. A number of studies on this subject with daily guano productions 

specified was found, and a summary of these can be seen in the table below (Table 1). 

Table 1. Summary of the daily guano production of various waterbird species, sorted based on diet. 
Italicized values have been calculated and subsequently added. ND is abbreviated for No Data;  
1 = Estimation based on guano-body weight ratio (3.2 percent). 

 

The values differ greatly, even between studies of the same species (Ebbinge, Canters & 

Drent 1975). Ultimately, the daily guano production of mallards (Marion et al. 1994), in 

combination with the data of peak duck (various Anatidae species, Fig. 9) densities in Veta 

la Palma (Kloskowski et al. 2009) was used to estimate the average weight of guano per 

surface unit. Since Veta la Palma is ca. 3000 ha large, the guano density was calculated to 

0.167 g m-2. Given the cross-section area of the sediment cores used (19.63 cm2), this gives 

a total of 0.98 mg of dry weight guano to be added to each core.  

Species Scientific name Diet
Guano dry 

weight (g def-1)
Daily guano 

production (g) N (mg g-1) P (mg g-1) Reference

Herring gull Larus argentatus  Pon. Natural mix 0.529 39.4 18.4 23.3 Portnoy, 1990

Great black-
backed gull Larus marinus L. Natural mix ND 105.6 def. d -1 ND

48.4 mg 
def -1 Portnoy, 1990

Grey heron Ardea cinerea L. Natural mix Variable ND 42.1 114.7 Marion et al., 1994

Great cormorant Phalacrocorax carbo L. Fish ND 27 32.8 143.2 Marion et al., 1994

Mallard Anas platyrhyncos L. Herbs 1.37 (12.2 d -1 ) 16.7 26.2 13.2 Marion et al., 1994

Canada goose Branta canadensis L. Herbs 1.17 32.8 (28 d -1 )
47.9 
(4.8%)

14.9 
(1.5%)

Manny et al., 1994; 
Unckless & Makarewicz 
2007

Greylag goose Anser anser L. Herbs 0.94 100 1
23.5 
(2.35%)

11.2 
(1.12%) Kear, 1963

Barnacle goose Branta leucopsis L. Herbs 0.66 105.6 14.4 
(1.44%)

11.9 
(1.2%)

Ebbinge et al., 1975; 
Kear, 1963
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While mathematically reasonable, this seemed too low and the number was arbitrarily 

multiplied by a factor of five, therefore adding 5 mg of guano instead. To convert this from 

a dry to a wet weight, the number was once again multiplied by five (Kear 1963), resulting 

in a final guano mass of 25 mg per sediment core. 

 

 

 

 

 

 

 

 

 

Guano was collected in situ in Doñana Natural Space. Geese were selected as the 

herbivorous bird guano source, and storks and gulls were selected as the predatory bird 

guano source for addition to nine cores each (the remaining nine cores received no guano). 

MGuano from greylag goose (Anser anser), Canada goose (Branta canadensis) and 

barnacle goose (Branta leucopsis), was collected on the 20th of November 2018, at the bird 

centre “La Cañada de los Pájaros”. Located 10 kilometres north of Doñana Park area (GPS 

coordinates: 37°14'35.6"N, 6°13'07.1"W), the centre houses various species of waterbirds 

commonly found in the nature reserve. Small flocks of the aforementioned species were 

closely followed whilst searching the ground for fresh guano, dropped less than 5 minutes 

prior to sampling. Once a sample was found, it was collected using a knife and put into an 

air-tight Ziploc plastic bag to minimize oxidization. The bags were in turn labelled and 

immediately stored in a portable ice-filled cooler. At the end of the day, all samples were 

transferred to a freezer at -27°C at EBD for long-term storage.  

 

Figure 9. Peak duck (Anatidae) densities in Veta la Palma, Doñana. The highest amount recorded 
was on the 30th November 1998, at ca. 290,000 individuals. Source: Kloskowski et al. (2009). 
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Guano from predatory birds was collected on the 10th of December 2018 from the rice fields 

near Veta la Palma (VLP). Flocks of white storks (Ciconia Ciconia) and gulls (multiple 

species, mainly lesser black-backed gull (Larus fuscus) and black-headed gull 

(Chroicocephalus ridibundus), usually foraged in these semi-flooded rice fields, followed 

by resting on the artificial banks in between two different fields. The flocks flushed as a 

response to the car approaching and the banks were then patrolled on foot, in search of 

recent droppings. Sampling was performed with the same methods as described for the 

herbivore guano, with the addition of using a sterile 5 ml plastic pipette to harvest the liquid 

uric acid. The liquid guano components were stored in the same bags as the solid 

components of each respective sample. 

MTo ensure an even nutrient distribution in the tubes, the guano was processed using a 

handheld homogenizer at 5000 rpm for 15 seconds, per tube. The homogenizer was 

properly cleaned and sterilized with 95%-ethanol between runs to reduce the risk of cross 

contamination.  

MA sufficient number of 1.5 ml Eppendorf-tubes were filled with ca 25 mg of guano each 

(25.7 ± 0.174 (1 S.E.), see Table A in Appendix C), extracted from the 50 ml centrifuge 

tubes using a small sterile spatula. The tubes were individually labelled with a number and 

weighed using a calibrated digital balance. The exact amount of added guano was noted, 

before adding 1 ml of distilled water to each tube using a P-1000 micropipette. All 

Eppendorf-tubes were finally vortexed before being put, as well as the 50 ml centrifuge 

tubes, back in the -27°C freezer. 

2.2.2 Construction of experiment setup 

Prior to incubation and greenhouse gas flux measurements, the experiment setup had to be 

prepared and constructed, meeting four main conditions:  

1. Without disturbing the sediment layer, the water column in the sediment cores had 

to be circulated, in order to provide the invertebrates and microbial communities 

with sufficient oxygen. The build-up of anaerobic environments could otherwise 

alter GHG flux, and the microbial communities are also very sensitive to sediment 

turbulence. 
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2. The sediment cores and all in- and outgoing connections from the cores had to be 

air-tight, meaning no gas should be able to escape or enter during incubation. A leak 

could result in faulty gas data, loss of water in the sediment cores, or worse.  

The connections (especially tubing) should also be as short as possible, to minimize 

the amount of outside air being pushed into the cores during analyses, which would 

skew GHG measurements. 

3. The materials used and the setup in general had to be reliable and stable, capable of 

running for days without failure. The cores would for example have to stand upright 

and steadily, the tubes connected to the cores had to be made out of non-reactive 

materials and all electronic equipment required fail-safe systems. 

4. The temperature of the cores needed to be held constant during the incubation. 

Increases in temperature would increase the aquatic organisms’ metabolic rate, 

which could lead to a premature depletion of nutrients and oxygen. 

The sediment cores used, measuring 40 x 5 cm (cross section area of 19.63 cm2), were 

hollow polyethylene cylinders with angled “sharpened” edges at the bottom to facilitate 

sampling and a drilled-out part of the inner diameter at the top, compatible with sleeve caps 

specifically designed to measure gas fluxes. The sleeve caps consisted of three connections 

in a T-formation; two of which extended a few centimetres into the sediment core and the 

third simply a hole for gas to pass through. The cap was fitted with a rubber O-ring to 

ensure a gas-tight fit with the sediment cores (Fig. 10). 

MTo circulate the water in the columns without taking in any external air, a peristaltic pump 

(Darwin microfluidics BT100-1L, 24 channel) was used. The peristaltic pump works by 

pushing fluids through a flexible tube mounted in a cassette, using 6 rolling metal cylinders. 

The fluids, or water in this case, can then be circulated without taking in any external air. 

The water flow rate can be adjusted by increasing or decreasing the cylinders rotation rate 

(RPM) and is proportional to the connected tube’s inner diameter. 
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The peristaltic pump was tested and calibrated for a flow rate of 50.0 mL per minute. 18 of 

the 24 cassettes were each loaded with 15 cm of Viton tubing (1/4” in diameter) and 

equipped with a rubber stopper on each end to prevent tubing from being pulled into the 

cassette (Fig. 11). The cassettes also had an adjustable pressure clamp, which could be 

released to temporarily stop flow to individual cores. 

MTwo strips of 75 cm of non-flexible PTFE (Teflon) tubing were used to connect the 

sediment core sleeve caps to the corresponding peristaltic pump cassette. From the two 

connections on the caps extending into the sediment cores, additional PTFE tubing was 

connected, extending 11- and 16-cm into the cores (both reaching the water column), to 

enable water circulation. On the top of these connections, three-way valves were attached 

so that the GHG analyser could be connected. On the third connection of the sleeve cap a 

two-way valve was attached for the same purpose. Two 160 cm strips of PTFE tubing were 

used to connect the GHG analyser inlet and outlet. 

MIn terms of temperature control and stability, the cores were held in sturdy wooden racks 

in groups of three and all equipment (pump, analyser, cores, water samples etc.) was kept 

in a climate-controlled chamber (less than 10 m2). The chamber temperature was set at the 

Figure 10. Sediment cores with sleeve 
caps attached. 

Figure 11. Darwin microfluidics BT100-1L 
peristaltic pump with 18 prepared cassettes. 
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average measured temperature of the three ponds visited during a sampling date (ranging 

from 9-14°C). Relative humidity was kept constant at 40%.  

MA light program automatically turned on the ceiling lights at 08:30 every morning and 

turned them off again at 20:30. The ceiling lights emitted no photosynthetically active 

radiation (PAR). For an illustration of the complete setup, see Appendix B. 

2.3 Field sampling 
The wetlands were accessed by four-wheel drive vehicles and sampled after permission 

from each respective site director. The three field sites Veta la Palma, Caracoles and Odiel 

were visited in 2019 on the 15th, 21st and 28th of January, one week apart from each other.  

MSampling was performed during daytime, from circa 09.00 to 17.00. On each field site, 

three ponds were selected for sediment core- and water sampling. The ponds were 

qualitatively judged as appropriate for sampling, by determining water depth – cores were 

not collected from ponds deeper than 100 cm. 

2.3.1 Water samples 

To each pond, a 25 L carboy was brought. At least 5 meters from the shore, the carboy was 

rinsed thoroughly with water from the pond surface, emptied, and filled once again for 

water samples. Caution was exercised not to include sediment plumes caused by human 

disturbance. The process would be repeated if the sample was considered or suspected to 

be contaminated. Dissolved oxygen (DO) and temperature near surface-level of the water 

were recorded using an optical probe and multimeter (HACH: HQ40d Portable Meter, 

LDO101 Rugged Optical Dissolved Oxygen Probe). 

2.3.2 Sediment core samples 

In each pond, after water samples and physical variables had been measured, three sediment 

cores were collected. As a standard, the cores were collected in a line pattern from south to 

north evenly spread out across the pond, starting a few meters in from the shore in the 

south-west corner. The exception to this standard was ponds in Caracoles, which were non-

square and too small for a fixed sampling pattern. The approximate locations for where 

each sediment core was sampled were noted in field by drawing a map of the pond and 

judging the sampling position (Fig. 6-8).  
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MThe cores were inserted into the sediment to a depth equal to a third of the sediment core 

sleeve length (about 15 cm) and the top was capped with a rubber stopper. The water depth 

was measured using a tape measurer and noted. The core was extracted from the sediments 

and another rubber stopper was inserted in the bottom of the core, below the water surface 

to prevent disturbance of the sampled sediments. The cores were lifted out of the water and 

put into the same wooden rack used in the climate chamber. If the sediment column height 

of a core extended past half the core sleeve length, or if a too small amount of sediment 

was sampled (< ¼ of the core length), the core would be emptied and cleaned before taking 

a new sample. Any core which wasn’t filled with water to the top of the core was filled 

with water from the corresponding pond. Once all nine cores had been sampled from the 

three ponds within a site, they were carefully transported back to the lab in the wooden 

racks, maintaining an upright position at all times. An extra core was collected from ODL. 

2.4 Sediment core analyses 
All GHG analyses described in this section (2.4) took a total of three days for each wetland 

to complete. One additional day was required for core preservation (Chapter 2.5). In other 

words, including the field sampling day, each wetland required 5 workdays to analyze. 

2.4.1 Incubation 

Immediately upon return from the field, all water samples and sediment cores were 

incubated in the climatic chamber, set at the average measured pond water temperatures. 

The top rubber stoppers were removed, and the cores were aerated overnight with the 

peristaltic pump (by resting the sleeve cap on the edge of the cores) to allow sediments to 

settle while keeping the water oxygenated for benthic fauna.  

2.4.2 Water replacement 

The next morning, the sediment core water columns were replaced to resupply benthic 

fauna with soluble nutrients. This was done by using a plastic 50 ml syringe with an 

attached rubber tube to extract the water down to a few centimetres above the sediment 

surface. The same syringe was then used to carefully add new water from the carboys into 

the corresponding sediment cores, 50 ml at the time, without disturbing the sediments. The 

cores were finally left with ca. 10 cm headspace of air.  
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Temperature and DO was measured for each sediment core, before closing the caps and 

starting the peristaltic pump. After the pump had been running for a few minutes and water 

levels in the cores had been stabilized, the height of the sediment, water column and 

headspace of the sediment cores was measured using a ruler. These values can be used for 

future calculations of built up concentrations of GHGs, e.g. the amount of N2O trapped in 

the headspace between measurements. These values were not used for calculations in this 

study, but rather for the purpose of constructing a data set for the FLAMMINGGOS project, 

which is one of this study’s aims.  

2.4.3 GHG flux measurements 

For measurements of GHG flux, a cavity ring down spectroscopy (CRDS) analyser (Picarro 

G2508) was connected using two 160 cm long PTFE tubes and an air pump. A 300 ml 

conical flask was connected between the analyser inlet and gas intake, acting as a safety 

water trap in case the tubes would be connected incorrectly. The cores were analyzed in the 

same order each week. Before connecting the analyser, the adjustable pressure clamp for 

the current core on the peristaltic pump cassette was released, stopping the water 

circulation. The analyser data log was reset and the current data file name was noted. The 

analysis began once the background gas concentrations in the chamber were stable, by 

simultaneously turning the appropriate valves and connecting the analyser inlet and outlet. 

The outlet pushed air into the 16 cm core cap PTFE tube and the inlet took in gas to the 

analyser (Fig. 12).  

Figure 12. Schematic illustration of the GHG measurement setup. Yellow arrows indicate actions, 
orange arrows indicate gas flow. The water circulation from the peristaltic pump was disabled for 
the specific core using the cassette pressure clamp. Dimensions of PTFE tubes are specified. 
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Water-air emissions of nitrogen dioxide, methane and carbon dioxide ([N2O], [CH4] and 

[CO2]) were measured for at least 5 minutes, or until a clear linear trend was observed (see 

Appendix B for an illustration). The elapsed time was controlled by checking the data log 

files and using a timer. The analyser was then disconnected, the peristaltic pump re-enabled 

for the specific core, and the gas concentrations were given time to return to background 

levels (usually less than 5 minutes) before proceeding with the next core. Once all nine 

cores had been analyzed (the first set of measurements, hereby known as “M1”), the process 

was repeated two more times this day (“M2” and “M3”), with at least two hours between 

each set of measurements. Overnight, all caps were closed and the pump was enabled, 

circulating the water columns for all cores. 

2.4.4 Addition of guano & GHG flux measurements  

The next morning, the guano samples were taken out from the freezer to thaw and one set 

of gas measurements were taken according to the methods described above (“M4”). The 

peristaltic pump was then paused, and all core caps were taken off to measure pH using a 

calibrated pH-meter (HACH Sension+ PH3). DO and temperature was also measured for 

one core from one pond each, before replacing the water column as previously described. 

A random number generator was used to assign a treatment type for each core within each 

pond individually: A third of the cores received an Eppendorf tube of herbivore guano, 

another received a tube of predator guano and the remaining cores acted as control. All 

ponds hence received one of each treatment type. The only exception to this was ODL, 

which had an extra core (P3-4) that received predator guano. 

MGuano was added by shaking the thawed tubes and emptying them directly into the 

sediment core water column. The tubes were thoroughly rinsed with water extracted from 

the same core using a 3 ml disposable plastic pipette, until the tube was properly emptied. 

The core caps were then closed and another three sets of gas measurements were taken 

(“M5” to “M7”), starting immediately after the last guano sample had been added. The new 

water column and headspace height was also remeasured and noted. 

MThe following morning, a final gas measurement was taken for each core (“M8”). After 

the GHG flux had been measured, the peristaltic pump was stopped for all cores, and pH 

and temperature were measured for the cores water columns.  
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2.4.5 Water nutrient samples 

Water samples for total and dissolved nutrient analysis ([N], [P], [NH4+], [NO3
-], [PO4

3-]) 

were collected three times during the experiment for each site. To prepare dissolved 

nutrient samples, a 50-ml plastic luer-lock syringe combined with a 45-μm syringe filter 

was used to transfer a small amount of water to an opaque plastic bottle with a plastic screw-

cap. The bottle was rinsed with this water, emptied and the process was repeated three 

times. Once properly rinsed, the bottle was filled with filtered water. Filters were replaced 

once starting to clog. From the plastic bottle, the water was transferred into four small 

labelled glass test tubes. Unfiltered nutrient samples were prepared by filling a 250 ml glass 

bottle with a known amount of unfiltered water, using the same syringe but with no filter.  

MThe first water samples were prepared on the day after returning with the cores from the 

field, by filling up a bucket with water from each carboy (3 in total) and preparing samples 

from each of those buckets as described above. 

MThe second set of water samples were taken on the following day after adding guano, by 

mixing 100 ml of source water from each pond into three buckets, so that each bucket had 

300 ml of water in equal proportions. To one of the buckets, a tube of predator guano was 

added and to the other a tube of herbivore guano. The third acted as a control, with no guano 

added. Filtered nutrient samples were prepared from these buckets 30 minutes after addition 

of guano. The unfiltered nutrient samples were treated similarly; the three 250 ml glass 

bottles were filled with a known amount of equally mixed source water, one received a tube 

of predator guano, another a tube of herbivore guano and the third received no guano. This 

was done for all sites with the exception of VLP, where guano was mixed with source water 

only from pond P2 and analyzed for nutrients in order to estimate nutrient concentrations 

for the other sediment cores. 

MThe final set of nutrient samples were prepared by extracting 200 ml of water from each 

sediment core and mixing them in buckets corresponding to the treatment type, e.g. one 

pooled sample was prepared for all cores with predator guano, another for all cores with 

herbivore guano and a third using all the control cores. 

MNote: Since ODL had two P3 cores which had received a tube of predator guano, 100 ml 

of water was extracted from these two each, mixed with 200 ml of water from the 

corresponding P1 and P2 predator guano cores. An extra set of nutrient samples were also 

prepared using only source water in equal proportions from carboy P1 and P2, due to the 
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loss of core P3-3 H. All prepared nutrient samples were stored in a freezer at -27°C for 

future analysis.  

2.5 Core preservation 
Once all nutrient samples had been prepared and GHG flux measurements had been taken, 

the cores were prepared for preservation and sediment nutrient sampling. The cores water 

columns were carefully completely removed, using a syringe connected to a rubber tube. 

MPreservation was performed using a specially constructed core extruder, consisting of a 

cylinder mounted on top of a metal rod, with an adjustable bottom support. A core was 

brought to the extruder with both rubber stoppers inserted. The bottom stopper was 

removed, exposing the sediment from below, and put to rest on top of the extruder cylinder.  

The top rubber stopper was then removed, and the sediment core was thereafter pushed 

down, so that the sediment column would slide up through the core and protrude from the 

top. By mounting a segmenting tool and slicer, and only exposing small sediment fractions 

at the time, the sediment column could be divided into 2 cm segments (Fig. 13a).  

MThe top 6 cm and the bottom 6 cm of sediment were each transferred to 500 ml Nalgene 

bottles with a screw-cap using the segmenting tool and a spoon. The bottles were labelled 

and filled with a pre-mixed 95% EtOH + 5% glycerin solution. For cores having less than 

6 cm of bottom sediment, 20 ml of distilled water was added for every missing centimeter 

(e.g. a core with only two centimeters of bottom sediment would be filled with the ethanol-

glycerol solution and 80 ml of water). The segmenting tool and the spoon was properly 

cleaned between the top and bottom 6 centimeters of sediment to avoid contamination. The 

500 ml Nalgene bottles were sealed shut and stored in the climatic chamber for future 

sieving and sorting of invertebrates. 

2.5.1 Sediment nutrients and porosity 

From the top 0-2 centimeters of each 6 cm section of sediment, nutrient samples were 

prepared. Using a 5 ml syringe with a flat bottom (cut-off needle, Fig. 13b), approximately 

2.5 ml of sediment were sampled and put into pre-weighed 15 ml conical bottom falcon 

tubes. The tubes were stored in a freezer for further analysis of carbon and nitrogen 

contents, as well as sediment porosity. 
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Figure 13. (a) Sediment core extruder, with mounted segmenter and slicer. Sediment can be seen 
protruding at the top of the tool. (b) Sediment sampling using a cut-off syringe, slicer inserted. 

2.5.2 Sediment sieving and invertebrate identification 

Preserved sediment samples were washed over nested sieves (1000 µm, 300 µm, and 45 

µm) in order to remove excess sediments and to separate invertebrates into size classes. 

Invertebrates retained on 1000 µm and 300 µm sieves were sorted from remaining 

sediments and identified to the family level under magnification, using stereo microscopes 

(Zeiss Stemi 2000-C, Zeiss SteREO Discovery.V8). Only nine sediment samples were 

analyzed (three from each site, one of each treatment type), due to time constraints. Sieving 

and invertebrate identification was not performed by the author (who wasn’t present at EBD 

at the time), but by skilled project workers to be included as a part of the larger study. 

2.6 Data analysis 
Graphs and tables were constructed using Microsoft Excel Office 365. Data was structured 

and calculations automated using Visual Basic code. Statistical analyses and tests were 

done in IBM SPSS Statistics, version 25, and Excel Office 365. The gas flux rate was 

determined for each measurement by calculating the slope of the gas concentration changes. 

The start- and end points for these calculations were set as 120 seconds after the 

measurement started to the final gas concentration measured before disconnecting the 

analyzer.  

a) b) a) b) 
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3. Results 

3.1 Field data 
Measured average water temperature gradually increased between sites, with Odiel having 

the highest at 14.03°C. All ponds across all sites were saturated with oxygen (>100%) at 

time of sampling, with Veta la Palma having the highest average of 127%, followed by 

Caracoles with a DO average of 125%. The ponds in Caracoles were all very shallow, and 

the cores were sampled from very low water levels (<25 cm depth). In contrast, P3 at both 

Veta la Palma and Odiel were nearly three times as deep, reaching a maximum depth of 75 

centimeters. All ponds in Caracoles also had a high amount of aquatic vegetation (not 

identified) and zooplankton such as Daphnia spp. and Copepoda spp. were commonly 

found in the water. In Odiel, lots of chironomid larvae were seen free-floating in the water, 

as well as a few brine shrimps (Artemia spp.). Only ponds in Veta la Palma had significant 

amounts of sulfur (not measured, but qualitatively evaluated), and P2 was the pond where 

the smell was most prominent. See Table B in Appendix C for details. 

3.2 Physical parameters 
Measured sediment core dimensions can be found in Table C in Appendix C. 

3.2.1 Water chemistry 

The core water temperatures were successfully kept stable, with very little difference 

between each core – average variance for post-guano temperatures were less than 0.1°C. 

While DO values were lower than in-field values, water was kept saturated with oxygen 

with all percentual values above 95%, with the exception for VLP, where the average DO 

level was 88.4%. The core waters were slightly alkaline (pH never dropped below 7) and 

pH did not change significantly throughout the experiment. See Table D in Appendix C for 

details. Prepared water (and sediment) nutrient samples were not analyzed in time for this 

study (as of March 2019), but will be used for future analyses related to this study’s dataset. 
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3.3 Methane flux rates 
In total, 28 cores were analyzed and 8 GHG measurements were taken for each core (with 

the exception of cores ODL P3-3 and VLP P1-2), according to the methods previously 

described. The gas flux rates were calculated from each of these measurements, resulting 

in a total of 217 data points for statistical analysis, which can be found in Table E under 

Appendix C. The sampled ponds within each site were assumed to be conditionally equal 

for comparison. An average flux rate for each treatment type were calculated and plotted 

for each site (Fig. 14). The highest overall CH4 fluxes were found in CRC (average of 

2.91E-3 ± 1.94E-3 (1 S.D.) ppm/s), followed by VLP (2.25E-3 ± 1.37E-3) and ODL (3.66 

E-4 ± 2.60-5). Measurement 4 and 8 consistently had the highest average flux values, 

compared to the other measurements for each site. 

MThe flux rates for all cores pooled were initially not normally distributed (Shapiro-Wilks, 

F = .805; df = 216; p < 0.001). As suggested by the histograms and Q-Q plots (see Appendix 

D) the data was negatively skewed. Variances were also not equal across sites (Levene’s 

test based on mean values: F = 38.767; df = 2; p < 0.001). This was solved by logarithmizing 

all flux values. 

MSince the sediment cores were analyzed subsequently, and the gas flux values were the 

only dependent variable, repeated measures ANOVA tests were used for statistical analysis. 

First, a repeated measures one-way ANOVA test, comparing the total average CH4 flux for 

each site, showed that there were significant CH4 flux differences between sites (F = 

45.335; df = 2; p < 0.001). A post-hoc test with Bonferroni-corrected p-values showed that 

the difference was between ODL and VLP / CRC, both with p < 0.001. No statistical 

difference was found between VLP and CRC flux values (p = 0.846). 

MData values were then divided in two categories: pre-guano (measurement 1-4) and post-

guano (measurement 5-8). To test for significant flux differences pre- and post-guano 

additions (factor “PRE_POST”), a repeated measure two-way ANOVA was used, testing 

for mean differences between treatment types (“TYPE”) for each site individually. In other 

words, in SPSS a Repeated Measures General Linear Model was constructed including all 

(log-transformed) flux values. The model tested TYPE and PRE_POST separately, as well 

as the interaction between TYPE*PRE_POST, by comparing the observed and marginal 

mean values for each subgroup. Mauchly’s test of sphericity was not violated, as the 

PRE_POST variable was dichotomous (df = 0) and TYPE was a category within 

PRE_POST.  



 

35 a 

Figure 14. Gas flux measurements for all cores, plotted against average flux values for each 
treatment type within each site. “M” represents a measurement, ranging from the first (M1) to 
the last (M8). The dashed grey lines indicate a new day and a long delay between 
measurements (at least 12 hours; M1-3, M4-7 and M8 were measured on separate days). 
Guano was added between M4 and M5. Error bars are ± 1 standard deviation. 
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As shown in Table 5 below, there were no significant overall differences between treatment 

types, neither before nor after guano additions, for any of the sites. There was however a 

significant PRE_POST CH4 flux difference for Caracoles (F = 0.335; df = 2; p = 0.010). 

The flux values decreased after guano addition and the mean difference was 1.23E-4 ± 

5.00E-5 (1 S.E.) ppm/s. The standard error also reduced by 4.80E-5 (55.2%) (Fig. 15). 

Table 5. Summary of the statistical results from the repeated measures ANOVA model, testing for 
CH4 flux differences between TYPE, PRE_POST and PRE_POST*TYPE. Adapted from IBM SPSS 
Statistics, v. 25.  

  
 
 
 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 15. CH4 flux differed significantly before and after guano additions for Caracoles. The 
graphs display pre- and post-guano flux values for all treatments pooled (left) and all treatments 
individually (right). Pairwise post-hoc comparisons between pre- and post-guano values for each 
treatment type revealed no significant results (CTRL: p = 0.149; HERB: p = 0.152; PRED: p = 
0.161). Note that the presented values are non-transformed; tests were run on logarithmic values. 

SITE_NAME

Type III 
Sum of 

Squares df
Mean 

Square F Sig.
Partial Eta 
Squared

TYPE 0.206 2 0.103 0.174 0.844 0.055
PRE_POST 0.154 1 0.154 3.505 0.110 0.369
PRE_POST * TYPE 0.104 2 0.052 1.181 0.369 0.282
TYPE 0.047 2 0.024 0.049 0.953 0.016
PRE_POST 0.335 1 0.335 13.792 0.010 0.697
PRE_POST * TYPE 0.034 2 0.017 0.699 0.533 0.189
TYPE 1.163 2 0.582 1.410 0.315 0.320
PRE_POST 0.112 1 0.112 2.795 0.146 0.318
PRE_POST * TYPE 0.003 2 0.001 0.037 0.964 0.012

CRC

ODL

Tests of Within-Subject Effects

VLP



 

37 

3.4 Invertebrate compositions 
Overall, VLP had the highest number of benthic invertebrates, as well as the highest 

diversity. Several ostracods were also detected in the VLP cores, with P2-2 containing over 

500 individuals. Disregarding these, chironomids were the most common invertebrate 

family, with a total of 161 individuals across sites, 111 of these which were found in cores 

from CRC. Other common invertebrates were subspecies of Foraminifera (60 individuals), 

Nematoda (44) and Gastropoda (22). ODL had the lowest number of invertebrates, mainly 

consisting of chironomids (Table 6). All analyzed samples were from the top 6 cm of 

sediment from each core, and one of each treatment type was analyzed for each site. A 

Spearman correlation between the average gas fluxes from these cores and the invertebrate 

amounts gave a positive significant correlation (N = 9, Correlation coefficient = 0.683, p = 

0.042). However, if the test is repeated excluding the ostracods the result is not significant  

(p = 0.112). 

Table 6. Invertebrates found and identified in the sediment cores from sites VLP, CRC and ODL. 
Samples containing a high number of invertebrates were split into subsamples, and the total 
quantity was then acquired by multiplying the subtotal with the number of sample splits. An 
invertebrate total for each core can be seen in the right-most column. 

Pond Type Taxon Total quantity Core total
P1-1 PRED Chironomidae 24
P1-1 PRED Gastropoda 6
P1-1 PRED Foraminifera 22
P1-1 PRED Ostracoda 408
P2-2 HERB Chironomidae 2
P2-2 HERB Ostracoda 550
P2-2 HERB Foraminifera 18
P2-2 HERB Gastropoda 15
P3-1 CTRL Chironomidae 5
P3-1 CTRL Chorophium sp. 1
P3-1 CTRL Nematoda 2
P3-1 CTRL Ostracoda 23
P3-1 CTRL Gastropoda 1
P1-1 CTRL Chironomidae 48
P1-1 CTRL Ostracoda 46
P1-1 CTRL Nematoda 36
P2-1 PRED Chironomidae 44
P2-1 PRED Nematoda 2
P2-1 PRED Crustacea 1
P3-2 HERB Chironomidae 19 19
P1-3 HERB Chironomidae 5
P1-3 HERB Nematoda 4
P1-3 HERB Foraminifera 2
P2-3 CTRL Chironomidae 0 0
P3-4 PRED Chironomidae 14
P3-4 PRED Hydraenidae(adult) 2
P3-4 PRED Hydraenidae(larva) 2
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4. Discussion 
The primary goal of this study was to investigate the CH4 flux from three different sites in 

Doñana, and the bottom-up gas emission effects by adding nutrients in the form of guano. 

19 sediment cores were treated with 25 mg of two types of guano and compared to 9 control 

cores, measuring CH4 flux over the course of three days to see if there were any significant 

flux differences between the treatment types. Invertebrates were also sorted and counted, 

to control whether the amount had any effect on CH4 flux. 

MThe hypothesis that sediment cores upon receiving guano would have a higher flux of 

CH4 compared to those which did not receive guano, could not be corroborated. There were 

no statistically significant differences between any of the treatments, within each site, 

neither before nor after guano addition. Predator guano therefore did not seem to have a 

higher impact on CH4 flux than herbivore guano. There were however significant different 

flux rates between the different sites, and a significant overall flux decrease post-guano 

addition for Caracoles. There was also a significant positive correlation between 

invertebrate (including ostracods) amounts and gas flux values, suggesting that the 

invertebrates may potentially have an influence on CH4 fluxes. The aspects of these 

significances will be discussed in detail below. 

4.1 Gas flux rates 

4.1.1 Site differences 

The different flux rates between the sites could perhaps be expected, given their different 

locations and land-uses. The wetlands of Veta la Palma and Odiel are for example both 

regulated and controlled by man, whereas Caracoles represent the more natural conditions 

of Doñana National Park (Frisch & Green 2007). They each have a different history, which 

contributes to different nutritional values in the water and soil, invertebrate compositions 

and biodiversity in general. Odiel have for example been shown to consist mainly of 

hypersaline environments (salt concentrations over 70 g/L are common), and contain a 

relative abundance of chironomid larvae which attracts thousands of waterbirds annually 

(Sánchez, Green & Castellanos 2006). 

MOne possible reason why the flux rates were so low in Odiel may be that, while not 

qualitatively detected, there is sulfur in the sediment, causing methanogenic microbes to be 

outcompeted by SRB. Sulfur contents in interstitial water have been shown to correlate 



 

39 

with salinity levels (Traverse 1994, p. 154) and it is possible that sulfur contents in Odiel 

are high due to the high salinity levels. The salinity levels should also affect the microbial 

communities, potentially lowering the microbial diversity (Waldron et al. 2007) and CH4 

flux.  

MCaracoles was the only site with prominent aquatic vegetation. Plant material was trapped 

inside several cores, with their roots extending several centimeters into the sediment. This 

may suggest a higher carbon level in the soils. The plant roots may also increase porosity, 

allowing more CH4 to build up in the sediments (Carmichael et al. 2014). Temperature also 

plays an important role in flux rates, and the average temperature of Caracoles was higher 

compared to Veta la Palma. A higher temperature increases decomposition rates of organic 

material and the metabolic rate of invertebrate decomposers.  

4.1.2 Invertebrates 

Although ostracods are generally classified as zooplankton rather than macroinvertebrates, 

(some are even predated on by other macroinvertebrates, see Vandekerkhove, Namiotko 

Hallmann & Martens 2012) their possible impact should not be neglected. Due to the sheer 

amount found in cores VLP P1-1 and P2-2, it is likely that other cores from those two ponds 

also contained a high number of ostracods. While not identified to species level, a previous 

study in Veta la Palma ponds found Acartia tonsa and Calanipeda aquaedulcis to be 

common (Frisch, Moreno-Ostos & Green 2006). They might not have as great of an impact 

on CH4 flux, however, as they would on CO2 (despite a positive correlative effect on CH4 

flux when included). Through respiration, the ostracods increase the amount of carbonic 

acid (H2CO3) and could in a closed mesocosm system as ours potentially lower pH levels. 

Coincidentally, VLP P2-2 was the only Veta la Palma sediment core which pH was 

measured before and after the addition of guano (i.e. close to the start and end of the 

experiment) and the levels differed by .28, which is a higher reduction than any other 

measured core. Assuming VLP P1-1 had the same pH as the VLP P1 carboy (source) water, 

the pH-levels for this core would have reduced by .23. Of course, these pH-reductions are 

not substantial, though this trend could continue in a similar experiment unless the water is 

properly oxygenated.  

MDisregarding the ostracods in Veta la Palma, Caracoles had the highest number of 

invertebrates, and in particular the highest amount of chironomids. While oligochaetes have 

been shown to have a multiplicative effect on CH4 flux (Mehring et al. 2017), the 
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chironomids likely have a stronger effect on N2O flux, a gas which has been measured but 

not analyzed in this study. 

MDue to the high salinity levels of Odiel, it is likely that the chironomid species found is 

the Chironomus salinarius, as determined by Sánchez, Green and Castellanos (2006) to be 

the dominant benthos species in the area. Similarly, the brine shrimp seen free-floating in 

the water column could very well have been Artemia parthenogenetica, the dominant non-

benthic invertebrate (ibid). Few freshwater invertebrates can withstand salinity levels 

higher than 5-8 g / L (Berezina 2003), so it should come as no surprise that the dominant 

invertebrate species are highly tolerant to their hypersaline environment (Orel et al. 2014). 

The low flux rates in ODL could also be related to the low amount of found invertebrates 

in these cores. 

MIn general, the invertebrates found are ones that affect N2O and CO2 flux more so than 

CH4. The analyzed cores are lacking the deep-burrowing invertebrates such as oligochaetes, 

the “conveyor-belt” feeders, that otherwise have been shown to affect CH4 flux 

(Figueiredo-Barros et al. 2009; Mehring et al. 2017). Had these been present in the 

analyzed cores, CH4 flux rates would presumably have been higher. To further test the CH4 

flux correlation and assess which invertebrate taxa have a significant impact, all remaining 

sediment columns needs to be sieved and analyzed. 

4.1.3 Guano addition 

One of the greatest concern planning this study was adding a too small amount of guano to 

the cores. While a considerable amount of time was spent researching the subject, this might 

ultimately have been the case. The calculated amount of 25 mg, despite being five times 

the “peak guano per square meter” number in Veta la Palma,  might have been too small of 

an amount to see any effect. Or, without any substantial bioturbation properly working the 

nutrients into the sediments, no amount might have caused any significant difference. The 

other possibility is that there was in fact a flux difference, but in terms of N2O rather than 

CH4, in that case probably caused by the chironomid larvae. The idea was that predator 

guano would contain higher amounts of phosphorous and nitrogen than herbivor guano, 

and thus have a greater gas flux stimulating effect. Cores which did not receive any guano 

would in comparison have the lowest gas flux rates, though in this study, that turned out 

not to be true. In fact, CH4 flux rates for Caracoles after guano additions decreased. Since 

this was independent of treatment type, the result indicates that there is something else 
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governing the amount of methane produced. There seems visually to be a general trend 

after guano additions (for all sites) – a “streamlining” of some sorts – where the difference 

between treatments reduce and variances decrease. Given that Caracoles was the site with 

the highest flux rates, this effect seems to be particularly pronounced. Even the very high 

flux values of (for example) core P2-2 drastically reduce after M4 (Fig. 14). Perhaps the 

strict lab environment where no “natural distubances” occur is the cause, or the fact that 

the water column is replaced right before guano additions. It is ultimately difficult to 

determine with certainty why we are seeing this effect. 

MIn a natural environment, sediment nutrients are constantly circulated and redistributed, 

through water currents and bioturbation (Rodríguez-Pérez & Green 2012). As the 

particulate nutrients in guano sink to the benthos, they form layers upon each other for 

different organisms to assimilate, whereas the labile components are dissolved into the 

water column (Schlesinger & Bernhardt 2013). In our study, the water column was 

circulated, but the sediment column was kept undisturbed. The amount of added guano may 

have formed a layer composing only a fraction of the underlying nutrients already present 

in the sediments. By isolating the sediment cores from their natural environment, there was 

also no influx of any new nutrients (or any matter, as the cores used were gas-tight). In 

short: It may be possible that guano has a significant effect on gas flux rates, but in a natural 

environment measured over a longer time span, where greater amounts of guano is 

gradually incorporated into the sediments. For the added guano to have any effect, perhaps 

a higher amount over a longer period of time is required.  

MAlso, even if the guano calculations were correct, the chosen representative species for 

each type might not be ideal. For example, in the ponds analyzed it might be more likely 

that coots forage rather than geese, and flamingos rather than storks. However, to sample 

flamingo guano would most likely prove to be very practically difficult as they usually 

defecate in the water in which they forage – the same goes for coots. Further, in an 

environment such as the ponds of Veta la Palma, the fish presumably provides at least an 

equal amount of nutrients to the water, making them a valid subject in terms of nutrient 

loading. This is however oustide of the FLAMMINGGOS project scope. 
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4.2 Methodology 
Many aspects of this study have, in a sense, been a process of trial and error. Some 

measurements were not taken consistently (i.e. pH values for VLP, a few DO 

measurements), the methods for water nutrient samples were changed after VLP and one 

core was lost completely after addition of guano (ODL P3-3). 

MWhile a few similar studies have previously been done, the gas analyzing methods 

usually differ from study to study, ranging from non-steady state chambers (Altor & Mitsch 

2006) to gas chromatography (Mehring et al. 2017). The advantages of using a CRDS 

analyzer are plenty, but primarily that it is very accurate and that the gas data can be 

acquired immediately. It is easy to switch between different samples, with the only 

requirement having to wait for gas concentrations to return to background levels. 

Concentration values are measured every second and even the slightest change can be 

detected in an instant. This can, on the other hand, very quickly create large data files which 

later may be difficult to structure and analyze. There is also some risk involved connecting 

the samples to an air pump – if the correct valve isn’t turned, pressure builds up which 

could lead to the loss of said sample. 

MOne disadvantage with the analyzer, or specifically, our analyzer setup, is that the 

background gases are pumped into the sediment core water column once the analyzer is 

connected. Further, the volume including all the PTFE-tubing and connected equipment, 

nearly 500 ml, accounts for roughly 75% of the total volume once a core is connected 

(Table E, Appendix C). This means that for example, if the background CO2 levels are 

higher than the concentrations in the core, the analyzer would register CO2 as being 

depleted once connected to the core, rather than being produced. While pumping in N2O or 

CH4 may not be an issue (background levels are usually very low), continuously pumping 

in high concentrations of CO2 could potentially alter the water columns pH levels. 

MIn the climatic chamber in which we were working (a small room less than 10 m2), CO2-

levels as high as 6000 ppm were detected after a few hours of work, despite built in 

ventilation shafts. This wouldn’t be a problem if a larger area was used, or if an even more 

efficient ventilation system was in place. Another way to circumvent this issue completely 

is to replace the gas in the analyzer with an inert gas, such as N2 from a gas tank, which 

wouldn’t react with the water column nor disturb concentration measurements.  

MThe main reason for working in the climatic chamber was due to its cooling properties – 

the entire room could be kept under stable conditions with little variance in both 
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temperature and humidity. Not only were the cores kept at a constant temperature, but all 

equipment, prepared samples, etcetera. A discussed alternative to the chamber was however 

putting all cores in an aquarium and controlling the temperature using water coolers. This 

would make the setup more mobile and the analyses could be performed in a less 

specialized environment. 

MHigh flux rates were consistently detected at measurement 4 and 8. This is most likely 

due to the high amount of CH4 which had been built up over night between measurement 

3-4 and 7-8, making the water column more anoxic. Higher anoxia leads to higher microbial 

activity (or rather, methanogenic microbial growth is inhibited by oxygen) and thus higher 

flux rates. In future studies, all flux measurements should ideally be compensated for the 

time elapsed since the prior measurement. The simplest way to do this would be to divide 

the “outliers” (in this study’s case the flux values for M4 and M8), with a number making 

them comparable to the measurements taken at regular intervals. For example, if the flux 

measurements are normally taken once every hour, and one measurement is taken after a 

seven-hour delay, the flux value would then be divided by 7. It is however not entirely clear 

how the flux rates change over time (e.g. linearly with anoxia levels or due to some other 

factor), and therefore the flux rates for this study were not transformed. Another option to 

eliminate this issue is to only take gas measurements at a regular interval, without any 

longer breaks, though this might be practically difficult as the analysis equipment require 

maintenance and supervision.  

MWhile there is currently data recorded for N2O and CO2 concentrations for all cores, the 

data has not been analyzed in this study. This was the original intention, however, but could 

not be completed due to time constraints. The data has on the other hand been structured in 

such a way that it is easier to analyze in the future, with relevant time-stamps for each 

measurement and Visual Basic programs for automation.  
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4.3 Conclusion 
In this controlled mesocosm experiment, the addition of guano to sediment cores did not 

enhance methane flux, but the flux seems to be influenced by the presence of benthic 

invertebrates. This suggests that the top-down gas stimuli effects of waterbirds are stronger 

than the bottom-up. Flamingos, and other benthivorous waterbirds, may lessen the 

emissions of CH4 through predation on benthic invertebrates. Further research is required 

to determine the cause as to why flux rates may decrease in similar experiments.  

Guano additions may still have a strong effect over a longer time span than in this study 

and in a natural environment, where avian bioturbation is present and new nutrients are 

frequently incorporated into the sediments. 

MThe understanding of the complex processes which control GHG flux from wetlands – a 

central goal of the FLAMMINGGOS project - could ultimately improve our ability to 

understand and predict wetland GHG emissions at larger scales, while simultaneously 

enhancing our knowledge of the functional roles of waterbirds in aquatic ecosystems.  

If further evidence is found that waterbirds are functionally important regulators of wetland 

CH4 flux, through top-down control of invertebrates, then a high wetland avian biodiversity 

should be promoted, allowing waterbirds to further reduce the impact of wetland CH4 

emissions and amplify the wetlands roles as carbon sinks.  

5. Acknowledgements 
I wish to express my gratitude to Andrew Mehring for all his dedication, care and support 

which made this thesis possible. I wish you the best of luck with the FLAMMINGGOS 

project. I would also like to thank Lucy Stockton for all the hard work she put into the 

project during my stay. Another thanks to Lucy as well as Raquel López for sieving and 

sorting invertebrates. Greetings goes to the Wetland Ecology department at EBD, and the 

biological station as a whole – I thoroughly enjoyed meeting all of you. 

MI wouldn’t have had the opportunity to participate in this fantastic project, had it not been 

for the planning and preparation by Pär Söderquist and Andy Green. I am also very thankful 

for the financial support I received, such as the Erasmus+ grant via HKRs International 

Office (coordinator Marie Gunnarsson Ekström), and from the Man & Biosphere Health 

research platform (MABH). Finally, thanks to Pär Söderquist for his valuable advice and 

input during the time I spent writing this thesis. 

 



 

45 

6. References 
Altor, A. E. & Mitsch, W. J. (2006). Methane flux from created riparian marshes: 

Relationship to intermittent versus continuous inundation and emergent macrophytes. 

Ecological Engineering, 28(3), pp. 224–234. doi: 10.1016/j.ecoleng.2006.06.006. 

Altor, A. E. & Mitsch, W. J. (2008). Pulsing hydrology, methane emissions and carbon 

dioxide fluxes in created marshes: A 2-year ecosystem study. Wetlands, 28(2),  

pp. 423–438. doi: 10.1672/07-98.1. 

Badosa, A., Frisch, D., Arechederra, A., Serrano, L. & Green, A. J. (2010). Recovery of 

zooplankton diversity in a restored Mediterranean temporary marsh in Doñana National 

Park (SW Spain). Hydrobiologia, 654:67 doi: 10.1007/s10750-010-0370-0. 

Berezina, N. A. (2003). Tolerance of freshwater invertebrates to changes in water salinity. 

Russian Journal of Ecology, 34(4), pp. 264-266. doi: 10.1023/A:1024597832095. 

Don G. L. & Donovan W. F. (2002). First order estimation of the nutrient and bacterial 

input from aquatic birds to twelve Rotorua lakes. Auckland (New Zealand): For 

Environment BOP by Bioresearches. 

Campos Carrasco, J. M. (2017). El patrimonio historico y cultural en el Paraje Natural 

Marismas del Odiel: Un enfoque diacronico y transdisciplinar. University of Huelva 

(Spain): Servicio de Publicaciones de la Universidad de Huelva  

Carmichael, M. J., Bernhardt, E., Bräuer, S. & Smith, W. (2014). The role of vegetation 

in methane flux to the atmosphere: Should vegetation be included as a distinct category in 

the global methane budget? Biogeochemistry, 119(1–3), pp. 1–24.  

doi: 10.1007/s10533-014-9974-1. 

Chmura, G. L., Anisfeld, S. C., Cahoon, D. R., & Lynch, J. C. (2003). Global carbon 

sequestration in tidal, saline wetland soils Global Biogeochemical Cycles. 17(4).  

doi: 10.1029/2002gb001917. 

Christensen, B., Vedel, A. & Kristensen, E. (2000). Carbon and nitrogen fluxes in 

sediment inhabited by suspension-feeding (Nereis diversicolor) and non-suspension-

feeding (N. virens) polychaetes. Marine Ecology Progress Series, 192, pp.203–217.  

doi: 10.3354/meps192203. 

 



 

46 

Costanza, R. et al. (1997). The value of the world’s ecosystem services and natural 

capital. Nature, 387(6630), pp. 253–260. doi: 10.1038/387253a0. 

Deines, P., Bodelier, P. L. E. & Eller, G. (2007). Methane-derived carbon flows through 

methane-oxidizing bacteria to higher trophic levels in aquatic systems. Environmental 

Microbiology. 9(5), pp. 1126–1134. doi: 10.1111/j.1462-2920.2006.01235.x. 

Dessborn, L., Hessel, R. & Elmberg, J. (2016). Geese as vectors of nitrogen and 

phosphorus to freshwater systems. Inland Waters, 6(1), pp. 111–122.  

doi: 10.5268/IW-6.1.897. 

Díaz-Paniagua C, Fernández-Zamudio R, Florencio M, García-Murillo P, Gómez-

Rodríguez C, Siljeström P. & Serrano L. (2010). Temporary ponds from the Doñana 

National Park: a system of natural habitats for the preservation of aquatic flora and fauna. 

Limnetica, 29, pp. 1–18. 

Dingemans, B. J. J., Barker, E. S. & Bodelier, P. L. E. (2011). ‘Aquatic herbivores 

facilitate the emission of methane from wetlands’, Ecology, 92(5), pp. 1166–1173. doi: 

10.1890/10-1297.1. 

DIVA-GIS. (no year). Data by country http://www.diva-gis.org/gdata [2019-03-03] 

Ebbinge, B., Canters, K. & Drent, R. (1975). Foraging routines and estimated daily food 

intake in Barnacle Geese wintering in the northern Netherlands. Wildfowl, 26,  

pp. 5–19. 

European Commission. (1995). Commission’s communication to the Council and the 

Parliament: wise use and conservation of wetlands. Brussels (Belgium): European 

Commission. 

European Commision. (2018). Functional Links in Avian, Microbial, Macrophyte, and 

INvertebrate Greenhouse Gas Output Stimulation. 

https://cordis.europa.eu/project/rcn/218439/factsheet/en [2019-03-03] 

European Environmental Agency. (2008). Environmental signals 2000 - Environmental 

assessment report No 6. Copenhagen (Denmark): European Environment Agency. 

https://www.eea.europa.eu/publications/92-9167-205-X/page015.html [2019-02-28] 

http://www.diva-gis.org/gdata
https://cordis.europa.eu/project/rcn/218439/factsheet/en
https://www.eea.europa.eu/publications/92-9167-205-X/page015.html


 

47 

European Environmental Agency. (2008). Natura 2000 data. Copenhagen (Denmark): 

European Environment Agency. https://www.eea.europa.eu/data-and-maps/data/natura-9 

[2019-03-03] 

Fernández-Rodríguez, M.J., Milstein, A., Jiménez-Rodríguez, A., Mazuelos, N., 

Medialdea, M. & Serrano L. (2018). Multivariate factor analysis reveals the key role of 

management in integrated multitrophic aquaculture of veta la Palma (Spain). Aquaculture, 

495, pp. 484-495.  doi: 10.1016/j.aquaculture.2018.06.032. 

Figueiredo-Barros, M. P., Caliman, A., Leal, J. J., Bozelli, R., Farjalla, V. & Esteves, F. 

(2009). Benthic bioturbator enhances CH4 fluxes among aquatic compartments and 

atmosphere in experimental microcosms. Canadian Journal of Fisheries and Aquatic 

Sciences, 66(10), pp. 1649–1657. doi: 10.1139/f09-111. 

Frisch, D., Cottenie, K., Badosa, A. & Green, A. J. (2012). Strong spatial influence on 

colonization rates in a pioneer zooplankton metacommunity. PLoS ONE, 7(7): e40205.  

doi: 10.1371/journal.pone.0040205. 

Frisch, D. & Green, A. (2007). Copepods come in first: Rapid colonization of new 

temporary ponds. Fundamental and Applied Limnology, 168(4), pp. 289–297.  

doi: 10.1127/1863-9135/2007/0168-0289. 

Frisch, D., Moreno-Ostos, E. & Green, A. (2006). Species Richness and Distribution of 

Copepods and Cladocerans and their Relation to Hydroperiod and Other Environmental 

Variables in Doñana, South-west Spain. Hydrobiologia, 556(1), pp. 327–340.  

doi: 10.1007/s10750-005-1305-z. 

Green, A. J., Bustamante, J., Janss, G., Fernández-Zamudio, R. & Díaz-Paniagua, C. 

(2016). Doñana Wetlands (Spain). In: Finlayson, C. M., Everard, M., Irvine, K., McInnes, 

R. J., Middleton, B. A., van Dam, A. A. & Davidson, N. C. (eds.), The Wetland Book, pp. 

1–14. doi: 10.1007/978-94-007-6172-8. 

Green, A. J. & Elmberg, J. (2014). Ecosystem services provided by waterbirds. Biological 

Reviews, 89(1), pp. 105–122. doi: 10.1111/brv.12045. 

Grey, J., Kelly, A., Ward, S., Sommerwerk, N. & Jones, R. (2004). Seasonal changes in 

the stable isotope values of lake-dwelling chironomid larvae in relation to feeding and life 

cycle variability. Freshwater Biology, 49(6), pp. 681–689. doi: doi:10.1111/j.1365-

2427.2004.01217.x. 

https://www.eea.europa.eu/data-and-maps/data/natura-9


 

48 

Hahn, S., Bauer, S. & Klaassen, M. (2007). Estimating the contribution of carnivorous 

waterbirds to nutrient loading in freshwater habitats. Freshwater Biology, 52(12), pp. 

2421–2433. doi: 10.1111/j.1365-2427.2007.01838.x. 

Hu, J., Niu, Z. & Chen, Y. (2017). Global Wetland Datasets: a Review. Wetlands, 37(5), 

pp. 807–817. 10.1007/s13157-017-0927-z. 

Hölker, F. et al. (2015). Tube-dwelling invertebrates: Tiny ecosystem engineers have 

large effects in lake ecosystems. Ecological Monographs, 85(3), pp. 333–351. doi: 

10.1890/14-1160.1. 

Huertas, E., Flecha, S., Figuerola, J., Costas, E. & Morris, E. (2017). Effect of 

hydroperiod on CO2 fluxes at the air-water interface in the Mediterranean coastal 

wetlands of Doñana. Journal of Geophysical Research: Biogeosciences, 122(7), pp. 

1615–1631. doi: 10.1002/2017JG003793. 

ICTS Doñana. (2015). Especies y Poblaciones. http://icts.ebd.csic.es/infraestructura-

datos-especies-poblaciones [2019-02-28] 

Junk, W.J., An, S., Finlayson, M., Gopal, B., Květ, J., Mitchell, S., Mitsch, W. & Robarts, 

R. (2013). Current state of knowledge regarding the world's wetlands and their future 

under global climate change: A synthesis. Aquatic Sciences, 75, pp. 151–167.  

doi: 10.1007/s00027-012-0278-z. 

Junta de Andalucia. (2011). Parque Nacional y Natural de Doñana. Mapas guía (2004, 

2011). ISBN: 978-84-92807-71-0 

Kankaala, P., Eller, G. & Jones, R. (2007). Could bacterivorous zooplankton affect lake 

pelagic methanotrophic activity?. Fundamental and Applied Limnology / Archiv für 

Hydrobiologie, 169(3), pp. 2013-209. doi: 10.1127/1863-9135/2007/0169-0203. 

Kear, J. (1963). ‘The agricultural importance wild goose droppings’, Wildfowl, pp. 3–8. 

Available at: http://wildfowl.wwt.org.uk/index.php/wildfowl/article/view/203. 

Kloskowski, J., Green, A. J., Polak, M., Bustamante, J. & Krogulec, J. (2009). 

Complementary use of natural and artificial wetlands by waterbirds wintering in Doñana, 

south-west Spain. Aquatic Conservation: Marine and Freshwater Ecosystems, 19(7), pp. 

815–826. doi: 10.1002/aqc.1027. 

 

http://icts.ebd.csic.es/infraestructura-datos-especies-poblaciones
http://icts.ebd.csic.es/infraestructura-datos-especies-poblaciones


 

49 

Liguang, S., Zhu, R., Xie, Z. & Xing, G. (2002). Emissions of nitrous oxide and methane 

from Antarctic Tundra: Role of penguin dropping deposition. Atmospheric Environment, 

36, pp. 4977–4982. doi: 10.1016/S1352-2310(02)00340-0. 

Manny B., Johnson W. & Wetzel R. (1994). Nutrient additions by waterfowl to lakes and 

reservoirs: predicting their effects on productivity and water quality. Hydrobiologia, 

279(1), pp. 121–132. 

Marion, L., Clergeau, P., Luc, B. & Bertru, G. (1994). The importance of avian-

controlled nitrogen (N) and phosphorus (P) to Lake Grand-Lieu France, Hydrobiologia, 

279-280(1), pp. 133–147 doi: 10.1007/BF00027848. 

Marismas del Odiel. (2019). Marismas del Odiel – Reserva de la  Biosfera 

http://visitamarismasdelodiel.blogspot.com/2011/03/descripcion-del-espacio.html [2019-

03-23] 

Mehring A. S., Cook P. L., Evrard, V., Grant, S.B. & Levin, L.A. (2017). Pollution-

tolerant invertebrates enhance greenhouse gas flux in urban wetlands. Ecological 

Applications, 27(6), pp. 1852–1861. doi: 10.1002/eap.1572. 

MEA (Millennium Ecosystem Assessment). (2005). Ecosystems and human well-being: 

wetlands and water synthesis. World Resources Institute: Washington DC. 

Mitsch, W., Bernal, B., Nahlik, A. M., Ülo, M., Zhang, L., Anderson, C. J., Jørgensen S. 

E. & Brix, H. (2013). Wetlands, carbon, and climate change. Landscape Ecology, 28(4), 

pp. 583–597. doi: 10.1007/s10980-012-9758-8. 

Moseman-Valtierra, S., Gonzalez, R., Kroeger, K., Tang, J., Chao, W. C., Crusius, J.,  

Bratton, J., Green, A. & Shelton, J. (2011). Short-term nitrogen additions can shift a 

coastal wetland from a sink to a source of N2O. Atmospheric Environment, 45(26), pp. 

4390–4397. doi: 10.1016/j.atmosenv.2011.05.046. 

Moseman-Valtierra, S. (2012). Reconsidering Climatic Roles of Marshes: Are they Sinks 

or Sources of Greenhouse Gases? In: Abreu, D. C. & De Borbon, S. L. (eds.), Marshes: 

Ecology, Management and Conservation. Nova Science Publishers Inc.  

ISBN: 978-1-61942-715-0. 

Nisbet, E. G., Dlugokencky, E. J. & Bousquet, P. (2014). ‘Methane on the rise - Again’, 

Science, 343(6170), pp. 493–495. doi: 10.1126/science.1247828. 

http://visitamarismasdelodiel.blogspot.com/2011/03/descripcion-del-espacio.html


 

50 

Nogaro, G. & Burgin, A. J. (2014). Influence of bioturbation on denitrification and 

dissimilatory nitrate reduction to ammonium (DNRA) in freshwater sediments. 

Biogeochemistry, 120(1–3), pp. 279–294. doi: 10.1007/s10533-014-9995-9. 

Olson, M. H., Hage, M. M., Binkley, M. & Binder, J. (2005). Impact of migratory snow 

geese on nitrogen and phosphorus dynamics in a freshwater reservoir. Freshwater 

Biology, 50(5), pp. 882–890. doi: 10.1111/j.1365-2427.2005.01367.x. 

Orel, O. V., Istomina, A. G., Kiknadze, I. I., Zinchenko, T. D. & Golovatyuk, L. V. 

(2014). Redescription of larva, pupa and imago male of Chironomus (Chironomus) 

salinarius Kieffer from the saline rivers of the Lake Elton basin (Russia), its karyotype 

and ecology. Zootaxa, 3741(4), pp. 528–550. doi: 10.11646/zootaxa.3841.4.4. 

Portnoy J. W. (1990). Gull contributions of phosphorus and nitrogen to a Cape Cod kettle 

pond. Hydrobiologia, 202(1-2), pp. 61–69. 202:61–69. 

Raskin, L., Rittmann, B. E. & Stahl, D. A. (1996). Competition and coexistence of 

sulfate-reducing and methanogenic populations in anaerobic biofilms. Applied and 

Environmental Microbiology, 62(10), pp. 3847–3857. 

Rodríguez-Pérez, H. & Green, A. J. (2012). Strong seasonal effects of waterbirds on 

benthic communities in shallow lakes. Freshwater Science, 31(4), pp. 1273–1288.  

doi: 10.1899/11-129.1. 

Sánchez, M. I., Green, A. J. & Castellanos, E. M. (2006). Spatial and temporal 

fluctuations in presence and use of chironomid prey by shorebirds in the Odiel saltpans, 

south-west Spain. in Hydrobiologia, 567(1), pp. 329–340.  

doi: 10.1007/s10750-006-0060-0. 

Sandvik, B. (2009). Thematic mapping – World Borders Dataset 

http://thematicmapping.org/downloads/world_borders.php [2019-03-03] 

Santamaría, L. Green, A. J., Diaz-Delgado, R., Bravo-Utrera, M. & Castellanos, E. 

(2005). Caracoles: a new laboratory for science and wetland restoration. Doñana: Water 

and Biosphere Doñana 2005 Project, pp. 325–327. 

Schlesinger, W. H. & Bernhardt, E. S. (2013). Biogeochemistry: An Analysis of Global 

Change, 3. ed. San Diego (USA): Academic Press. doi: 10.1016/C2010-0-66291-2. 

 

http://thematicmapping.org/downloads/world_borders.php


 

51 

The Ramsar Convention Secretariat. (2014). https://www.ramsar.org/ [2019-02-28] 

Traverse, A. (ed.) (1994). Sedimentation of Organic Particles. Cambridge: Cambridge 

University Press. doi: DOI: 10.1017/CBO9780511524875. 

Unckless, R. L. & Makarewicz, J. C. (2007). The impact of nutrient loading from Canada 

Geese (Branta canadensis) on water quality, a mesocosm approach. Hydrobiologia, 

586(1), pp. 393–401. doi: 10.1007/s10750-007-0712-8. 

Van Geest, G.J., Hessen, D., Spierenburg, P., Dahl-Hansen, G., Christensen, G., Faerovig, 

P., Brehm, M., Loonen, M. & Donk, E. (2007). Goose-mediated nutrient enrichment and 

planktonic grazer control in Arctic freshwater ponds. Oecologia, 153(3), pp. 653–662.  

doi: 10.1007/s00442-007-0770-7. 

Vandekerkhove, J., Namiotko, T., Hallmann, E., & Martens, K. (2012). Predation by 

macroinvertebrates on Heterocypris incongruens (Ostracoda) in temporary ponds: impacts 

and responses. Fundamental and Applied Limnology / Archiv für Hydrobiologie, 181(1), 

pp. 39–47. doi: 10.1127/1863-9135/2012/0310. 

Veta la Palma. (2019) Parque natural. http://www.vetalapalma.es/index.asp?LG=2 

[2019-03-23] 

Waldron, P. J., Petsch, S. T., Martini, A. M. & Nüsslein, K. (2007). Salinity constraints 

on subsurface archaeal diversity and methanogenesis in sedimentary rock rich in organic 

matter. Applied and Environmental Microbiology, 73(13), pp. 4171–4179.  

doi: 10.1128/AEM.02810-06. 

Walton, M. E. M. et al. (2015). A model for the future: Ecosystem services provided by 

the aquaculture activities of Veta la Palma, Southern Spain. Aquaculture, 448(1),  

pp. 382–390. doi: 10.1016/j.aquaculture.2015.06.017. 

Winton, R. S. & Richardson, C. J. (2017). Top-down control of methane emission and 

nitrogen cycling by waterfowl. Ecology, 98(1), pp. 265–277. doi: 10.1002/ecy.1640. 

Woodward, R. T. & Wui, Y. S. (2001). The economic value of wetland services: A meta-

analysis. Ecological Economics, 37(2), pp. 257–270.  

doi: 10.1016/S0921-8009(00)00276-7. 

 

 

https://www.ramsar.org/
http://www.vetalapalma.es/index.asp?LG=2


 

52 

Yoda, M., Kitagawa, M. & Miyaji, Y. (1987). Long term competition between sulfate-

reducing and methane-producing bacteria for acetate in anaerobic biofilm. Water 

Research, 21(12), pp. 1547–1556. doi: 10.1016/0043-1354(87)90140-0. 

Zedler, J. B. & Kercher, S. (2005). Wetland Resources: Status, Trends, Ecosystem 

Services, and Restorability. Annual Reviews, 30(1), pp. 39–74.  

doi: 10.1146/annurev.energy.30.050504.144248. 

 

  



 

53 

Appendices 

Appendix A 

Map over Doñana National Park (DNP) and Natural Space (DNS), with site areas highlighted:  

VLP = Veta la Palma, CRC = Caracoles, ODL = Odiel (adapted from Junta de Andalucia 2011). 
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Appendix B 

Pictures 

 

Peristaltic pump connected to sediment cores, circulating the water columns. The pump is 

currently only loaded with nine cassettes. Note the three-way valves on either end of the 

sediment core sleeve caps. 
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From top left to bottom: Sediment core from Veta la Palma with clear burrow, presumably 

from Oligochaeta spp. View into the climatic chamber: Peristaltic pump, cores and Picarro 

GHG analyser can be seen on the shelves to the left, carboys and other equipment to the 

right. Data presented by the Picarro analyzer GUI after four measurements: Peaks are 

highlighted with yellow arrows. Methane concentrations (second row from the top) can be 

seen increase once connected to cores. Concentrations were measured every second. 
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Appendix C 

Data tables        Table A. Weights of guano microtubes and added guano amount 

 

 

 

 

 

 

 

 

  

# Empty weight (g) Added guano (g)
1 1,02170 24,8
2 1,02580 26,1
3 1,02983 24,9
4 1,03104 26,2
5 1,01614 26,6
6 1,05337 27,4
7 1,03530 24,1
8 1,03078 27,8
9 1,01738 23,7

10 1,02973 23,3
11 1,03549 22,8
12 1,02928 25,4
13 1,02710 25,9
14 1,01375 26,1
15 1,02072 25,9
16 1,01960 25,3
17 1,02965 25,8
18 1,02614 26,7
19 1,02632 26,2
20 1,03472 25,9
21 1,02418 27,0
22 1,02731 26,8
23 1,04175 25,0
24 1,03437 26,9
25 1,02625 24,0
26 1,03005 25,4
27 1,02384 25,5
28 1,03470 25,3
29 1,03473 26,2
30 1,02745 25,2
31 1,01467 24,7
32 1,01944 25,9
33 1,03803 26,5
34 1,01999 26,7
35 1,03493 26,0
36 1,01746 24,9
37 1,02348 26,4
38 1,04139 26,4
39 1,02419 26,1
40 1,02206 24,6

Average:      25,7 mg
Std. dev:    1,099 mg
Std. Error: 0,1738

Geese guano:          28,2557 g
Stork / gull guano: 33,3935 g
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Data tables from results 

Table B. Measured water temperatures, dissolved oxygen values, as well as the sampling depth of 
each core. 

 

 

 

 

 

 

 

 

 

 

Site Temperature (°C) Sampling depth (cm) DO (mg/L) DO(%) Comment
VLP (A7) P1-1 40

P1-2 47.5
P1-3 45

VLP (C5) P2-1 60.5
P2-2 60
P2-3 61

VLP (B7) P3-1 68
P3-2 66
P3-3 59

CRC (3N3MP) P1-1 19.5
P1-2 17
P1-3 19

CRC (6N2MP) P2-1 12.5
P2-2 11
P2-3 16.5

CRC (4N1NP) P3-1 23.5
P3-2 25
P3-3 25

ODL (E11) P1-1 38
P1-2 32
P1-3 27

ODL (E16) P2-1 35.5
P2-2 35.5
P2-3 36

ODL (E13) P3-1 75
P3-2 73
P3-3 71
P3-4 63

14.97

10.70

12.98

11.44

11.7

13.4

14.7

14.8

12.6

155.5

103.2

124.5

108.9

123.9

Great, strong smell 
of sulphur

Minor smell of 
sulphur

Minor smell of 
sulphur

8.8

7.9

10.0

16.93

12.05

14.91

P3-4: Extra soft, dark 
(anoxic) sediment

Sunny, high winds 
north-northeast

-

-

More aquatic veg. 
and zooplankton

Low water depth

127.2

106.6

142.5

104.5

12.45

13.65

11.7



 

58 

Table C. Sediment core dimensions (for volume and gas buildup calculations) 

 

* Changed part way through due to sediment loss, later values: P2-1 - 22.7 cm; P2-3 - 22 cm 

Core Type
Headspace pre-

guano (cm)
Headspace post-

guano (cm)
Sediment 

height (cm)
Water 

height (cm)
Water height 

guano (cm)
P1-1 PRED 8.1 9.6 14.9 15.3 14.2
P1-2 HERB 8.8 8.9 12.0 17.6 17.5
P1-3 CTRL 8.7 7.2 13.8 14.1 18.5
P2-1 CTRL 8.8 8.5 10.4 18.5* 22.7
P2-2 HERB 9.7 9.3 10.9 18.7 17.6
P2-3 PRED 9.3 8.4 9.0 21.3* 22.0
P3-1 CTRL 9.0 10.4 11.3 16.0 15.8
P3-2 HERB 8.2 9.7 12.8 13.6 16.7
P3-3 PRED 9.1 9.1 12.5 16.6 16.0
P1-1 CTRL 10.4 9.7 12.0 15.6 16.3
P1-2 HERB 10.1 9.5 12.5 15.5 17.0
P1-3 PRED 9.0 9.4 11.6 17.1 16.8
P2-1 PRED 10.0 9.6 13.0 14.8 15.1
P2-2 CTRL 10.4 9.1 11.4 15.0 17.5
P2-3 HERB 9.1* 10.0 13.4 14.5 13.7
P3-1 PRED 10.5 9.9 9.5 17.6 19.0
P3-2 HERB 10.4 8.9 11.8 15.8 17.5
P3-3 CTRL 8.2 9.7 9.9 20.0 17.2
P1-1 PRED 7.5 8.1 15.5 15.5 14.2
P1-2 CTRL 8.1 8.7 12.5 17.0 16.0
P1-3 HERB 8.3 8.5 8.0 21.5 21.0
P2-1 HERB 9.0 8.1 15.0 13.8 14.8
P2-2 PRED 9.4 7.9 17.0 14.0 14.0
P2-3 CTRL 7.9 7.3 17.0 13.5 13.2
P3-1 PRED 8.4 9.6 13.0 16.5 14.8
P3-2 CTRL 7.8 8.7 10.0 20.0 19.2
P3-3 HERB 7.8 8.6 9.5 21.0 19.5
P3-4 PRED 8.4 8.6 15.5 13.5 13.5
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Table D. Measured water temperatures, dissolved oxygen and pH values for all cores. “CB” is an 
abbreviation for “carboy”, meaning source water from each corresponding pond. “Post-“ and “pre-
guano” indicates that the measurement was taken after/before the fourth gas measurement, which 
after guano was added. ND = No Data. 

 

 

Core Type
Starting 

temp. (°C)
 Temp. post-
guano (°C) DO (mg/L) DO (%)

pH pre-
guano

pH post-
guano

CB P1 - 11 10.1 9.23 85.2 - 8.66
CB P2 - 10.9 10.3 10.58 95.3 - 8.40
CB P3 - 10.8 10.3 9.41 84.4 - 8.61

P1-1 PRED 11.1 10.5 9.30 83.9 8.43
P1-2 HERB 10.4 10.4 9.61 85.4 8.46
P1-3 CTRL 10.3 10.8 9.74 86.4 8.17
P2-1 CTRL 10.3 11.0 10.71 94.7 8.29
P2-2 HERB 10.2 10.7 10.69 94.4 8.43 8.15
P2-3 PRED 10.2 10.7 10.74 94.9 8.38
P3-1 CTRL 10.7 10.2 9.68 86.5 8.13
P3-2 HERB 10.5 10.2 9.51 84.7 8.48
P3-3 PRED 11.2 10.4 9.41 85.1 8.34

CB P1 - 12.6 12.4 10.33 96.4 9.13 9.08
CB P2 - 12.2 12.3 10.39 96.7 9.15 9.09
CB P3 - 12.1 12.3 10.99 102.4 9.8 9.73

P1-1 CTRL 12.3 12.6 10.52 97.5 8.76 8.86
P1-2 HERB 12.2 12.6 10.50 97.1 8.58 8.69
P1-3 PRED 12.2 12.4 10.43 96.5 8.76 8.75
P2-1 PRED 12.3 12.4 10.32 95.7 8.67 8.69
P2-2 CTRL 12.2 12.6 10.32 95.4 8.73 8.76
P2-3 HERB 12.5 13 10.34 98.3 8.48 8.48
P3-1 PRED 12.9 13.2 10.45 98.1 8.85 8.84
P3-2 HERB 12.5 13.1 10.87 101.2 8.68 8.9
P3-3 CTRL 13 13.5 10.65 100.8 8.97 8.98

CB P1 - 14.6 ND ND ND 8.05 ND
CB P2 - 14.5 ND 9.88 100.8 8.25 ND
CB P3 - 14.5 15.4 10.04 100.3 7.81 ND

P1-1 PRED 14.9 14.8 10.13 99.4 7.98 7.96
P1-2 CTRL 14.4 14.9 10.04 97.6 7.98 7.97

P1-3 HERB 14.6 14.7 10.13 98.8 8.01 8.01

P2-1 HERB 14.7 15 9.94 97.3 8.16 8.13

P2-2 PRED 14.7 15 10.07 98.6 8.12 8.09

P2-3 CTRL 14.7 15.1 10.05 98.4 8.14 8.15

P3-1 PRED 14.6 15.1 10.62 103.8 7.76 7.73

P3-2 CTRL 14.9 14.9 10.67 104.8 7.77 7.78

P3-3 HERB 15.2 ND 10.62 105 7.71 ND
P3-4 PRED ND 15.2 ND ND 7.70 7.75
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Table E. Methane flux rates, raw calculated values: 

 

Table F. Equipment volume 

 

 

 

Core Type M1 M2 M3 M4 M5 M6 M7 M8
P1-1 PRED 4.45E-04 3.16E-04 4.62E-04 6.66E-04 3.15E-04 2.59E-04 3.36E-04 6.08E-04
P1-2 HERB 1.81E-04 1.05E-04 1.57E-04 4.17E-04 3.01E-04 3.09E-04 3.21E-04 8.24E-04
P1-3 CTRL 1.21E-04 7.14E-05 5.67E-05 7.06E-05 2.00E-04 1.27E-04 1.14E-04 2.63E-04
P2-1 CTRL 1.30E-04 8.65E-05 9.38E-05 3.07E-04 1.31E-04 1.08E-04 9.23E-05 2.33E-04
P2-2 HERB 1.02E-04 1.72E-04 9.25E-05 3.65E-04 1.41E-04 1.35E-04 1.15E-04 3.55E-04
P2-3 PRED 9.11E-05 7.55E-05 1.09E-04 1.79E-04 1.25E-04 1.05E-04 8.99E-05 2.20E-04
P3-1 CTRL 4.09E-04 4.47E-04 3.36E-04 8.07E-04 3.63E-04 3.86E-04 3.82E-04 1.07E-03
P3-2 HERB 1.73E-04 1.24E-04 1.09E-04 4.41E-04 2.11E-04 1.92E-04 1.93E-04 5.99E-04
P3-3 PRED 2.66E-04 2.93E-04 3.22E-04 7.37E-04 3.11E-04 3.14E-04 2.49E-04 7.84E-04

CTRL_AVG CTRL 2.20E-04 2.02E-04 1.62E-04 3.95E-04 2.31E-04 2.07E-04 1.96E-04 5.23E-04
HERB_AVG HERB 1.52E-04 1.34E-04 1.19E-04 4.08E-04 2.17E-04 2.12E-04 2.10E-04 5.93E-04
PRED_AVG PRED 2.67E-04 2.28E-04 2.98E-04 5.27E-04 2.50E-04 2.26E-04 2.25E-04 5.37E-04

P1-1 CTRL 3.25E-04 3.49E-04 2.72E-04 7.86E-04 1.94E-04 2.21E-04 2.02E-04 6.45E-04
P1-2 HERB 1.90E-04 1.06E-04 9.55E-05 8.69E-05 1.28E-04 9.29E-05 7.46E-05 1.18E-04
P1-3 PRED 3.74E-04 4.10E-04 3.85E-04 9.06E-04 2.35E-04 2.51E-04 2.22E-04 8.05E-04
P2-1 PRED 1.31E-04 1.50E-04 1.30E-04 4.42E-04 1.29E-04 1.49E-04 1.34E-04 3.84E-04
P2-2 CTRL 1.88E-04 2.35E-04 2.29E-04 5.23E-04 1.89E-04 1.97E-04 1.90E-04 6.59E-04
P2-3 HERB 8.73E-04 9.10E-04 7.70E-04 1.14E-03 3.52E-04 3.13E-04 2.86E-04 8.49E-04
P3-1 PRED 3.14E-04 3.09E-04 2.90E-04 1.09E-03 2.45E-04 2.30E-04 2.11E-04 8.35E-04
P3-2 HERB 3.45E-04 3.16E-04 2.74E-04 6.10E-04 2.05E-04 1.95E-04 1.56E-04 5.15E-04
P3-3 CTRL 3.25E-04 3.44E-04 2.76E-04 8.34E-04 2.29E-04 2.44E-04 1.89E-04 6.28E-04

CTRL_AVG CTRL 2.79E-04 3.09E-04 2.59E-04 7.14E-04 2.04E-04 2.20E-04 1.94E-04 6.44E-04
HERB_AVG HERB 4.70E-04 4.44E-04 3.80E-04 6.12E-04 2.28E-04 2.00E-04 1.72E-04 4.94E-04
PRED_AVG PRED 2.73E-04 2.90E-04 2.68E-04 8.13E-04 2.03E-04 2.10E-04 1.89E-04 6.74E-04

P1-1 PRED 1.56E-05 1.27E-05 1.40E-05 3.79E-05 1.84E-05 1.62E-05 1.69E-05 5.72E-05
P1-2 CTRL 1.48E-05 9.41E-06 8.66E-06 3.65E-05 1.87E-05 1.98E-05 1.57E-05 4.64E-05
P1-3 HERB 3.39E-05 3.63E-05 3.18E-05 8.87E-05 3.48E-05 4.11E-05 3.66E-05 1.16E-04
P2-1 HERB 2.15E-05 3.40E-05 3.03E-05 7.86E-05 3.99E-05 4.21E-05 3.45E-05 9.57E-05
P2-2 PRED 1.59E-05 2.11E-05 1.93E-05 7.73E-05 3.77E-05 4.33E-05 4.13E-05 1.25E-04
P2-3 CTRL 1.18E-05 1.75E-05 1.49E-05 4.04E-05 1.83E-05 1.95E-05 1.60E-05 4.28E-05
P3-1 PRED 3.16E-05 2.02E-05 1.70E-05 4.18E-05 2.66E-05 1.99E-05 1.24E-05 3.61E-05
P3-2 CTRL 3.16E-05 2.70E-05 2.14E-05 3.93E-05 2.58E-05 2.16E-05 1.77E-05 3.50E-05
P3-3 HERB 5.69E-05 6.39E-05 6.57E-05 1.86E-04 Sediment loss, no more measurements
P3-4 PRED 6.83E-05 8.50E-05 7.84E-05 2.21E-04 4.43E-05 9.78E-05 9.83E-05 2.60E-04

CTRL_AVG CTRL 1.94E-05 1.80E-05 1.50E-05 3.87E-05 2.09E-05 2.03E-05 1.65E-05 4.14E-05
HERB_AVG HERB 3.74E-05 4.47E-05 4.26E-05 1.18E-04 3.74E-05 4.16E-05 3.56E-05 1.06E-04
PRED_AVG PRED 2.72E-05 2.88E-05 2.70E-05 8.21E-05 3.05E-05 3.94E-05 3.79E-05 1.10E-04

VLP DEV 1.32E-04 1.33E-04 1.43E-04 2.51E-04 9.12E-05 1.05E-04 1.15E-04 3.04E-04
AVG 2.13E-04 1.88E-04 1.93E-04 4.43E-04 2.33E-04 2.15E-04 2.10E-04 5.51E-04

CRC DEV 2.17E-04 2.33E-04 1.96E-04 3.34E-04 6.76E-05 6.29E-05 5.92E-05 2.38E-04
AVG 3.41E-04 3.48E-04 3.02E-04 7.13E-04 2.12E-04 2.10E-04 1.85E-04 6.04E-04

ODL DEV 1.90E-05 2.41E-05 2.34E-05 6.61E-05 1.01E-05 2.58E-05 2.71E-05 7.23E-05
AVG 3.02E-05 3.27E-05 3.02E-05 8.47E-05 2.94E-05 3.57E-05 3.22E-05 9.05E-05
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Object vol (mL) diameter (cm) length (cm)
Water trap 325
First tubing from air pump to long tube 3.267256 0.4 26
Picarro internal volume 105
Wide tubing into analyzer 43.9823 1 56
Wide tubing from flask to thin inlet tubing 11.78097 1 15
Thin tubing from inlet to thick flask tubing 10.55575 0.4 84
SUM 499.5863 mL
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Appendix D 

Statistical graphs 

 

 

Histogram (a) and Q-Q plot (b) displaying the data distribution of the residuals for all the gas flux 

measurements pooled. The values were negatively skewed, before logarithmic transformation. 

 

a) 

b) 
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