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Abstract 
High winter respiration has been observed in a subarctic estuary with high levels of organic 

matter inputs, while winter is generally thought to be a non-productive season. We 

constructed an oxygen and carbon budget of the system to validate the high respiration rate, 

including the resulting low production-to-respiration ratio, and to identify important carbon 

and energy sources. Measurement data of production and respiration parameters from 

running monitoring programs were used. Furthermore, we set up a microcosm experiment in 

order to study effects of iron increases by riverine organic matter inputs. The carbon balance 

of this subarctic estuary shows a small deficiency of carbon on an annual basis, but is able to 

explain how winter respiration is fueled by carbon fixed in the autumnal season and inputs of 

riverine material. Also, the balance calculation was able to predict oxygen deficiencies on a 

seasonal basis. The effect of riverine organic matter on biological activity was clearly present, 

but iron did not appear to affect responses in primary or secondary producers. Additional 

studies will be needed to fully understand the role of iron additions to marine microbial 

communities, particularly focusing on fractioning of iron and organic matter species. 
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1. Introduction 
The world’s oceans make up 70% of Earth’s surface, and as such are hugely importance in the 

global climate system (Reid et al., 2009). Carbon (C) cycling is one of the important 

processes greatly affected by oceanic systems through biological, chemical as well as physical 

factors, for example, in the photochemical breakdown of C by sunlight or the maintenance of 

a chemical equilibrium between the water and atmosphere by gas exchange (Zepp et al., 

1998). Furthermore, biological activity in the ocean can release carbon dioxide (CO2) through 

respiration, but also take up CO2 via photosynthesis. Carbon is being drawn down from the 

atmosphere by primary producers, and subsequently cycled throughout oceanic food webs. 

Ultimately, it ends up either in the atmosphere via respiration, or it is buried in the ocean 

sediments (Eppley and Peterson, 1979).  

Recent studies have found changes in oceanic C cycling rates and burial efficiency as a result 

of climate change (Riebesell et al., 2009, Passow and Carlson, 2012). Increasing 

temperatures as a result of climate change can have great effects on both biological and 

chemical processes. Due to shorter chemical reaction times with higher temperature, 

biological systems are able to increase their growth, and thus respiration rates, possibly 

increasing C emission from the ocean (Vazquez-Dominguez et al., 2007, Nydahl et al., 2013, 

Panigrahi et al., 2013). Furthermore, increased temperature and precipitation are likely to 

cause increased flow of terrestrial C to coastal shelves (Räisänen et al., 2004, Stolte et al., 

2006). This terrestrial C may further increase heterotrophic production (Gustafsson et al., 

2000, Algesten et al., 2006, Wikner and Andersson, 2012, Andersson et al., 2015). Due to the 

chemical relationship between organic matter (OM) and certain trace metals, such as iron 

(Fe), Fe inputs are increasing together with OM (Pettersson et al., 1997, Kritzberg et al., 2014, 

Verheijen, 2016). This may lead to changes in community structure as some species benefit to 

a greater degree from this Fe fertilization than others (Hutchins and Bruland, 1998, Stolte et 

al., 2006, Breitbarth et al., 2009, Walve et al., 2014). Terrestrial organic matter, as well as its 

coupled ferric substances, can also lead to higher water temperatures, as the water turns 

darker and thus can hold more solar radiation (Hader et al., 2015). This brownification and 

higher temperature cause higher respiration and, at the same time, less primary production 

(Cole et al., 1992, Hessen et al., 2010, Panigrahi et al., 2013), and even bottom oxygen 

depletion (Mattsson, 1993, Wikner and Andersson, 2012, Carstensen et al., 2014). There can 

also be increases in C transports in other ways, such as outgassing to the atmosphere because 

of CO2 saturation of water, increased transport to bottom and sediments due to particulate C 

inflows, and more transport to adjoined pelagic systems (Forsgren and Jansson, 1992, 

Pettersson et al., 1997, Algesten et al., 2006, Gustafsson et al., 2014). 

Winter is often thought to be an unproductive season, as there is little light for primary 

producers to grow on, and thus organic C inputs from photosynthesis are low. Therefore, 

winter was previously seen as having baseline respiration rates (del Giorgio and Williams, 

2005). However, relatively high plankton respiration during winter has already been 

observed in the northern Baltic Sea (Panigrahi et al., 2013). This cold-water respiration might 

be stimulated by additional substrate for efficient respiration (Wiebe et al., 1992), which may 

be delivered via terrestrial organic matter and iron-bound substances (Gustafsson et al., 

2000, Breitbarth et al., 2009, Walve et al., 2014, Verheijen, 2016), as substantial riverine 

input of organic C inflows to the coastal zone may occur also during winter. Temperature and 

supply of organic matter is thought to be most important in controlling respiration, but 

bacterial dynamics are also of great importance (Liu et al., 2015). Usually the focus of 
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plankton respiratory research lies in productive periods, i.e. the spring bloom, and 

consequently winter respiration might have been understudied (del Giorgio and Williams, 

2005). However, since spring blooms are often fuelled by build-up of nutrients in the winter 

season, winter respiration – if it takes place – will also have implications for the magnitude of 

the spring bloom and ecosystem functioning in later seasons. The activity during winter 

might be in part explained by an excess of organic matter (OM) build-up during the 

productive season (Biddanda and Cotner, 2002), as bioavailable organic matter from the 

spring bloom may cause a priming effect (Guenet et al., 2010). In essence, secondary 

producers may use this bioavailable organic matter in order to break down the more 

refractory C pool of riverine and older OM. A similar scenario has been suggested for the 

Black sea, where the highest bacterial production was found in the Danube-mixing zone, 

where C from primary production allowed breakdown of allochthonous C to meet bacterial 

demand (Becquevort et al., 2002).  

According to del Giorgio and Williams (2005), there is a timescale difference in production-

respiration so that the production-to-respiration ratio (P:R) at a specific moment will never 

be in balance, as the produced matter is yet to be respired at the point of measurement. This 

is alleviated by using annual rates of production and respiration, to avoid influences of 

seasonal imbalances to net ecosystem production (NEP). However, because high levels of 

winter respiration might deplete oxygen levels of the water, leading to bottom anoxia and 

subsequent fish kills (Andersson et al., 2015), it is relevant to study winter respiration as 

driven by allochthonous OM and Fe input in estuarine systems. In this study, I investigated 

both the drivers of respiration in a subarctic estuary and the potential interactive effect of 

allochthonous OM and Fe on planktonic activity under winter conditions in a microcosm 

experiment. In order to advance the knowledge on the ecological effects of organic matter 

and ferric substances, the following hypotheses were stated. 

1. Winter discharge of dissolved organic carbon (DOC) will fuel coastal plankton 

respiration. 

2. Plankton respiration during winter is an important part of the annual oxygen 

consumption. 

3. Seasonally elevated freshwater discharges result in increased plankton respiration. 

4. DOC, Fe or a combination of these enhance plankton respiration at winter 

temperatures. 

2. Material and Methods 

2.1 Carbon budget 

2.1.1 Site description 

The studied site is the subarctic Öre estuary, which is situated in the Bothnian Sea, in the 

northern Baltic Sea (Figure 1). The area of the basin is 71.2 km2 and it has a volume of 74*107 

m3 (Lindkvist et al., 2003). The main input of terrestrial matter comes from the river Öre, 

which delivered 8,25*1011 dm3 water to the estuary in the studied year, 2014 (Sveriges 

LantbruksUniversitet, 2016).  
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Figure 1. Map of the Öre river and estuary, showing the sampling locations for riverine material and the 
estuarine medium. The C budget is based on data of B7 and B3, the estuarine medium is taken from B7 only. 

The riverine fractions used in this study were taken from the Öre river. The Öre river water 

was collected from 1 m depth with a Ruttner sampler near the Strömsör bridge outside the 

village Öre (7056787.719, 733259.667 SWEREF). 

2.1.2 Data compilation and handling 

Data were taken from ‘dBothnia’ (1st of February 2016), a database containing Swedish 

monitoring data collected by Umeå Marine Sciences Center (UMF). The inputs of organic 

matter included estuarine primary production, riverine inflow, and re-suspension from 

estuarine sediment. Measurements of outputs of organic matter included plankton 

respiration, benthic respiration, evaporation from the estuary, advective flow of C between 

the estuary and the offshore environment, and estuarine sediment burial. Pools of C included 

estuarine DOC, planktonic C and zooplankton C. Seasonal and annual net changes for these 

have been calculated and added into the balance.  

Monitoring and plankton respiration data were collected through monthly sampling of the 

Öre estuary stations B3 and B7 according to Swedish environmental monitoring and Helsinki 

commission (Helsinki Commission, 2003) guidelines. Parameters used were DOC, CO2-

fixation, bacterial biomass, bacterial respiration, bacterial growth, oxygen, phytoplankton 

biomass and zooplankton biomass. 

Data were integrated over the mean basin depth (10 m) by summing slices of Δ depth, so a 

total measurement of C for each parameter for the entire depth column could be compared. 

The data were also integrated over time, giving an estimate of the total amounts between 

months, allowing calculations of changes over seasons and a full annual cycle. The data were 
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subsequently averaged for parameters that had multiple measurements per month, in order 

to get a total value of C per month for each parameter. Total organic carbon (TOC) data and 

the average Fe-levels for each month were calculated from ‘Sveriges Lantbruksuniversitet 

vattenföring data’ from Torrböle (Sveriges LantbruksUniversitet, 2016). The total amount of 

Fe coming into the estuary was divided by the area of the estuary, and subsequently 

multiplied by depth to get Fe per square decimeter. 

CO2 partial pressure for the Öre estuary was taken from Algesten et al. (2006). This was 

calculated to a CO2-flux from the estuary to the atmosphere using the following formula from 

Wanninkhof et al. (2009): F = k K0 (pCO2w – pCO2a). Where K was calculated using wind 

speed data of 2014 near Öre, according to the formula of Wanninkhof et al. (2009): K = (2.85 

* U10)-9.65. 

For sedimentation rate and advection rate, 20% and 90% of rTOC input to the Öre estuary 

was used, respectively. This is roughly in line with findings by Winogradow and Pempkowiak 

(2014) (for sedimentation) and Algesten et al. (2006) (for advective loss). 

2.2 Microcosm experiment 

2.2.1. Experimental design 

The experimental design is presented in table 1. For each treatment, three replicates were 

used, resulting in a total of 12 microcosms. Since the filtration treatment of the riverine water 

is likely not sufficient to deplete nutrients contained in the water, the river organic material is 

described as dissolved organic material (DOM) throughout the text. The treatments without 

riverine DOM (rDOM) received extra nitrogen and phosphorous additions based on nutrient 

data from SLU Törrböle station (Sveriges LantbruksUniversitet, 2016), in order to attempt to 

replicate the nutrients contained in the DOM. In order to analyze effects of Fe-P 

complexation - that is, the binding of phosphorous and Fe, rendering them both sessile; see 

Bakker et al. (2016) - the non-rDOM treatments received an extra amount of P. Iron, P and 

DOM were the only chemicals present in differing amounts in the separate treatments. 

Table 1. Experimental design. a) 0µM means no additions of these substances were done, incidentally the 
bacterial or rDOM additions might contain some of these compounds. 

 Fe 0 µMa Fe 6 µM 
rDOM 0 µMa Control P FeAdd P 
rDOM 600 µM rDOMAdd rDOMFeAdd 
 

The basic medium was artificial brackish water medium (BWM) (NaCl 79.48 g; 2.236 g KCl; 

9.943 g Na2SO4; 180 ml MgCl2-stock [203.9 g/l] 30 ml CaCl2-stock [145.4 g/l])was added to 

12 clear-plastic 2-l bottles (Nalgene). Addition of estuarine inoculum was done and the 

microcosms were left for 12 hours in order to acclimatize the organisms to the medium. After 

12 hours, the respective treatments were added to the microcosms.  

The treatments had the following composition: 

 Control-P: 970 ml BWM, 30 ml inoculum, 1 ml NaNO3(0.0188M), 0.1 ml 

K2PO4(0.022M). 

 Fe-P: 970 ml BWM, 30 ml inoculum, 1 ml NaNO3(0.0188M), 0.1 ml K2PO4(0.022M), 

1.375 ml FeCl(0.016M) 

 rDOM: 930 ml BWM, 30 ml inoculum, 40 ml concentrated rDOM 
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 rDOM+Fe: 930 ml BWM, 30 ml inoculum, 40 ml concentrated rDOM, 0.375 ml 

FeCl(0.016M). 

2.2.2 Sampling and medium preparation 

Öre river water was sampled on the 14th of April using a Ruttner sampler (KCDenmark), at a 

depth of 1 m, and was stored in a cooler until filtration in the afternoon. PallTM corporation 

centramate TFF suspended screen filters (Pall-Corporation) were used for ultrafiltration 

(300kD and 1kD) of Öre river water. Filters were flushed shortly with milli-Q and afterwards 

cleaned with a 0.1 M NaOH solution at 35 °C. For filtration, 2 filter cassettes where stacked 

on top of each other to allow for a larger effective surface area of filtration. Pre-filtration of 

300 kD was done in around 1.5 hours, and filtration at 1kD took place over the weekend 

(from 14th to the 18th of April, around 90 hours.) 

Seven liters of estuarine water was sampled on the 25th of April using a Ruttner sampling 

bottle. Water was taken from a depth of 5 meters at station B7 and filtrated upon returning to 

the research station. A pre-filtration of 200 µm was done, and the water was subsequently 

filtered through Nuclepore Polycarbonate filters (ø: 47 mm/0.2 µm)(Sigma-Aldrich). Filters 

were replaced every hour to ensure a reasonable filtration speed. The replaced filters were 

collected in a small beaker of filtered estuarine medium in order to re-suspend the retained 

organisms. This medium was filled to 350 ml with filtered estuarine medium to obtain a 20x 

concentration of the estuarine microbial inoculum. The resulting concentrated inoculum was 

then distributed over the brackish water medium at 29-30 ml per microcosm. The inoculum 

was added to the microcosm 12 hours before addition of nutrients and rDOM to allow an 

acclimatization period in the artificial brackish water medium. 

2.2.3 Analytical procedures 

PresensTM Sensor Dish Reader (Presens) with 5-ml vials equipped with a dynamic 

luminescence quenching foil was used to measure oxygen consumption (Klimant et al., 1995). 

The 5-ml vials were filled slowly via the wall to prevent build-up of air-bubbles on the inside 

of the container. An excess of liquid was added and the cap was screwed on very gently as to 

not introduce any air into the sample. Measurement intervals were set at 1 minute and the 

measurement ran for 24 hours at 5 °C in darkness in the same temperature controlled room 

as the microcosms. The temperature-control panel in the room shut down at set intervals, 

causing a peak in the readings. These peaks were removed before analysis of the data. The 

final oxygen concentrations were calculated after temperature correction according to 

specification by the manufacturer. 

Chlorophyll was extracted using a vacuum of about -15 kPa from 100 ml of sample medium 

onto 25-mm filters with a mesh size of 0.2 µm (Helsinki Commission, 2003). The filters were 

wrapped in aluminum foil and frozen at -80 °C before re-suspension in ethanol by shaking 

and shredding via pellets. Analysis was done by fluorometry (Perkin-Elmer) at 433 nm 

excitation and 673 nm emission. 

Total Nitrogen (TN), Total Phophorous (TP), and DOC samples were filtered through 

Acrodisc® (Pall-Corporation) filters with a 0.2-µm mesh into clean scintillation vials or 

Tissue-culture flasks (Thermofisher). Samples were preserved by addition of 0.48 µl 1.3 M 

HCL to DOC and 1.5 ml oxidation solution to TN and TP samples as described in Grasshoff et 

al. (1999). The samples were stored at 5 °C until analysis. Analysis was done by chemists at 

UMF according to Grasshoff et al. (1999) on a QuAAtro segmented flow analyzer (SEAL 

Analytical). 
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Iron samples were acidified with 200 µl HNO3 and kept at 5 °C until subsequent analysis by 

chemists at the chemical lab of Eric Björn at EMG in Umeå. The concentration of Fe was 

determined by inductive coupled plasma mass spectrometry (ICPMS)(PerkinElemer/Sciex 

Elan). The instrument was equipped with a MiraMist nebulizer (BurgenerResearchInc.) and 

a cyclonic spray chamber (Element Scientific Inc.) thermostated at 4 °C. Oxygen was used as 

reaction gas at a flow rate of 0.5 ml/min to minimize the spectral background. The 56Fe+ and 
57Fe+isotopes were monitored with a dwell time of 500 ms, and the concentration of Fe in the 

samples was determined from the 57Fe+ isotope using external calibration. 

Bacterial abundance samples were kept in dark at 5 °C before analysis (maximum 4 hours 

after taking the sample). Ten ml of sample was filtered on 25 mm 0.2 µm polycarbonate 

filters ( 25 mm, Poretics, Osmonics Inc., CA., USA) and coloured with 10 drops of acridine 

orange. The colouring agent was flushed with 1 ml milli-Q and the filters were analyzed by 

epifluorescence microscopy (63x/1.4 oil plan-Apochromat objective, Axiovert 100 (Zeiss)). 

An image-analysis program Labmicrobe was used to count cells, as well as for measuring cell 

sizes (Blackburn et al., 1998). The C density per cell was calculated from published volume-

to-carbon density functions (Norland, 1993). 

Humic acid was analyzed by fluorometric analysis (Perkin-Elmer) according to McKnight et 

al. (2001) at 350 nm excitation and 450 nm emission on sample left after bacterial 

abundance analysis (usually about 5 to 10 ml). Both cold and warmed samples were tested (3 

days, 1 hour and ½ hour at 20 °C, respectively), but no significant differences were detected. 

Results presented here are of samples with ½ hour warming at 20 °C before analysis. 

2.3 Statistical analysis 

Data were analyzed using IBM SPSS statistics 21 (IBM). Transformations to normality were 

done using the two-step technique by Templeton (2011) where a fractional ranking of the 

values is made, which are then inversely distributed using idf.normal-function in SPSS. The 

highest value (given 1 after fractional ranking) was recalculated to 1-(1/n) to ensure all 

observations were used in idf.normal. To compare differences between treatments at a 

specific time-point, analysis of variance (ANOVA) was used. When comparing treatment 

effects over all time-points a repeated measures ANOVA was performed. Finally, for oxygen 

use, linear regression was done in order to calculate the relationship between oxygen 

decrease and time, which was used as an indication of the rates of oxygen use. 

3. Results 

3.1 Carbon budget 

Total organic carbon (TOC) inflow from the river was high year-round in the Öre estuary, 

ranging from 2.9 to 25.8 mmol C dm-2 month-1 (Figure 2). The C data from the river is 

represented in TOC since it is not filtered before analysis, and therefore, all sizes of C 

compounds are included in this term. Planktonic CO2 fixation was only higher in July; all 

other months, riverine TOC inflow dominated the input of C to the estuary (Table 2). 

Respiration by planktonic organisms was the dominant process by which C was lost from the 

estuary (ranging from 2.9 to 17.5 mmol C dm-2 month-1). One should note that bacterial 

biomass is partly being lost, probably primarily respired as CO2 due to grazing by 

bacterivores in other seasons. The C budget did therefore not take into account biomass 

changes in order to determine the C balance (although they are reported to give an overview 

of C flows in the system). The resulting C budget for the Öre estuary is shown in figure 2, 
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which could also be used to represent an oxygen budget of the estuary, where inputs of one 

mole of C equals the production of one mole oxygen and each mole of C loss equals one mole 

of O2 loss. The resulting yearly balance would thus be: 116+21-75-83-23-13= -57 mmol O2 

shortage in the estuary on a yearly basis. 
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Figure 2. Carbon and oxygen budget for the subarctic Öre estuary. Resuspended C is not calculated and therefore shown as a question-mark. The model represents the C 
budget, but can also indicate oxygen, where fixation equals production of oxygen, while respiration and evaporation represent loss of oxygen The delta-variables show the yearly 
differences (measured amount in January minus the measurement in December). Values that have larger error margins than the data from the monitoring data are noted with a 
superscript letter. a: rTOC was calculated by multiplying total water-input from the river Öre times the concentration of OM measured by SLU Öppna data (Sveriges 
LantbruksUniversitet, 2016). b: Advection off-shore was taken as 90% of the r-TOC-inflow, after 20% was sedimented, it is thus prone to the same errors as the rTOC-inflow. c: 
Sedimented C is taken as 20% of the rTOC-input and thus prone to the same error. d: the error margins resulting from evaporation calculations are discussed further below. 
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Table 2. Overview of data behind the budget. For the CO2-flux, negative amounts indicate CO2-uptake from the atmosphere. All monthly data is in µmol C dm-2. Yearly totals 
are in mmol C dm-2. 

 Inputs Outputs Static variables 

month rTOC 
to 
estuary 

CO2-
fixation 

Planktonic 
Respiration 

Bacterial 
Growth 

Passive 
Flux of 
CO2 

DOC-pool Bacterial 
Biomass 

Oxygen Total 
Phyto-
plankton 
biomass 

Total zoo-
plankton 
biomass 

Jan. Winter 6300 No Data No Data No Data No Data 37650 No Data No Data 52 No Data 
Feb. Winter 2857 87 4508 130 8461 No Data 3454 37294 720 No Data 
Mar. Spring 7015 320 2914 148 No Data 35593 2216 36787 1002 No Data 
Apr. Spring 15431 4473 3779 442 -4353 35205 3518 71702 1608 No Data 
May Spring 25843 2364 7558 870 -2179 39305 4522 66784 1700 5948 
Jun. Summer 13488 2753 13376 965 -899 39946 6493 57331 972 18085 
Jul. Summer 3551 3776 17484 2387 -814 38358 15224 47212 741 24033 
Aug. Summer 4698 4577 7622 1493 -896 39400 7355 44444 905 7391 
Sep. Autumn 3582 1556 5194 867 4687 19905 5815 46370 404 15596 
Okt. Autumn 17172 540 3299 318 No Data 34925 3646 56424 383 6376 
Nov. Autumn 11915 No Data No Data No Data 9453 No Data No Data No Data No Data No Data 
Dec. Winter 3930 660 9749 402 No Data 37200 11796 62416 102 No Data 
Year (mmol 
dm-2) 116 21 75 8 13 357 64 527 9 77 
The seasonal balance for CO2-fixation, plankton respiration and the rTOC are shown in figure 3, as they are major determinants for the C and 

oxygen budget. Figure 4 shows how the C balance changes between seasons and for the full year based on the major ecological processes 

identified. 
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Figure 3. Seasonal and annual C balances for some major processes. Green symbols represent C inputs while red 
symbols represent C loss 

 

Figure 4. Carbon balance of the processes in figure 3 and DOC pool net changes (end-beginning) per season. 
Also, Seasonal and annual ratios of CO2-fixation versus respiration (=P:R) are shown on a second axis. 

3.2 Microcosm iron study 

To elucidate effects on the microbial community to rDOM, rDOM+Fe, or Fe, and phosphate 

additions, response effects have been analyzed. For rDOM additions (rDOM/rDOM+Fe 

treatments) a significant positive effect on chlorophyll-a concentrations was found (repeated 

measures ANOVA, p=0.007 and 0.004 compared to control, respectively (n=11). No other 

treatment elicited a significant response on chl-A (figure 5). 
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Figure 5. Chlorophyll-a for each timepoint and treatment. Two clear groups are visible based on the addition of 
rDOM. Error bars denote ± 2 SE 

Humic acid (figure 6) shows higher concentrations in rDOM-treatments and seems to 

indicate a decrease over time, yet regression analysis showed this not to be significant 

(p=0.1). The non-rDOM treatments showed an increase in humic acid concentration between 

26th and 29th of April, which is reduced again at the 2nd of May. 

 

Figure 6. Humic acid for each time-point and treatment. Two groups are separated based on the addition of 
rDOM to the treatment. Error bars denote ± 2 SE 

The results of microbial respiration are shown in figure 7. After some time, the rDOM 

treatments exhibit a greater response compared to the non-rDOM treatments. The large error 

margin makes interpretation somewhat more difficult. When all time-points are included, the 

repeated ANOVA test only showed a significant difference for rDOM+Fe vs control and Fe 

(p=0.05 and 0.026, respectively). When omitting the first data point, both DOM treatments 

showed significant differences to control and Fe treatments (rDOM-control p=0.001; rDOM-

Fe p=0.002; rDOM+Fe-control p=0.001; rDOM+Fe-Fe p=0.001, n=12 in all cases)  
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Figure 7. Respiration rates per time-point and treatment. The black line shows the 0-rate. Error bars denote ± 2 
SE 

Figure 8 shows the bacterial numbers in each of the treatments and time points. Generally, a 

growth of bacteria is seen in all treatments, as indicated by increase in means. Also, the 

rDOM treatments seem to show a higher increase in abundance, and thus a higher bacterial 

growth. Relatively big error margins hamper interpretation of the data, but significant 

differences were found concerning the rDOM treatments (Repeated measures ANOVA: 

rDOM-control p=0.008; rDOM-Fe p=0.003; rDOM+Fe-Control p=0.028; rDOM+Fe-Fe 

p=0.010, n=12 in all cases) 

 

Figure 8. Bacterial abundances per time point and treatment. Two groups become distinguishable based on 
rDOM addition. Error bars denote ± 2 SE 
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4. Discussion 

4.1 Sources of high plankton respiration 

The balance calculations (figure 2 and table 2) show that there is a C deficit in the Öre 

estuary, where the inflow of C is not sufficient to account for the total amount of outflow (-58 

mmol dm-2 yr-1, based on ([rTOC*0.8]*0.1)+CO2-fixation)-(Planktonic Respiration+Flux of 

CO2). In comparison to the Öre C budget constructed by Sandberg et al. (2004), respiration is 

around the same level (68 to 75). Yet, the rTOC flow is largely different (rTOC-inflow 116 to 

208; Advective loss 83 to 187). CO2-fixation is also half of what Sandberg et al. (2004) report 

(21 to 42). As a result of the lower C flows, the deficiency found in our study is much larger (-

8 to -59). The only greater rate is the burial (3 to 14), which was taken from Winogradow and 

Pempkowiak (2014). Resuspension of C from the sediments might be an explanation for this 

difference, as it was not calculated in this report, but is present in Sandberg et al. (2004). Yet, 

Winogradow and Pempkowiak (2014) used a sediment core to infer burial rates, which 

therefore does not include resuspension, as the resuspended C will not be present in this 

core. Note that respiration of C can be fueled by a combination of pelagic C fixation and 

discharge of DOC from the river. The lower riverine input of C could explain the difference in 

deficiency. Furthermore, figures 3 and 4 show what happens over seasonal time-frames to 

the C budget in the estuary. The rather low P/R-value shown in winter seems to fit with the 

observation that winter shows relatively high respiration (Panigrahi et al., 2013). rTOC 

inflows seem to be required to fuel this respiration in winter, though. Furthermore, since the 

C balance in winter is not high enough to maintain this high respiration rate, a buildup of 

DOC over previous seasons seems to be required in order to allow the high respiration in 

winter to take place. Upscaling of inherent uncertainties of parameters that could not be 

accurately measured and the use of data from different years in order to fill gaps in the 

datasets probably contributed to discrepancy between this budget and the one made by 

Sandberg et al. (2004). For instance, in order to calculate diffusive C fluxes to the 

atmosphere, wind speed data from 2014, C pressure data from 2006, and temperature data 

from 2015 were used. The calculated flux should thus be used as an indication and not a ‘real’ 

value for C exchange in 2014. The balance calculation shows that the largest source of C is the 

discharge of riverine DOM, which has been shown to be of importance in the Baltic is earlier 

research (Forsgren and Jansson, 1992, Mattsson, 1993, Stigebrandt et al., 1996, Algesten et 

al., 2004, Wikner and Andersson, 2012, Andersson et al., 2015, Hoikkala et al., 2015). The 

largest sources to C cycling in the Öre estuary are OM input from rivers, C-fixation by 

primary producers and planktonic respiration. Although riverine organic material and 

respiration are by far the biggest C flows, the process of primary production seems to be 

essential for increased respiration, as respiration only increases after a productive season. 

This is likely related to the quality of compounds synthesized by photosynthesis (Baines and 

Pace, 1991). As shown in the seasonal C balance graphs, primary production does not 

immediately alter C concentration in the estuary. This might be related to a biological lag as C 

is retained in biological systems until organisms die off at the end of the season, and this, in 

turn, leads to an increase in autumn DOC concentration, allowing high respiration to occur in 

winter (Becquevort et al., 2002, Biddanda and Cotner, 2002). 

Using the model as an indication for oxygen use and excess in the Öre estuary indicates that 

there is a great shortage of oxygen in the estuary (-57 mmol C dm-2 yr-1). However, as oxygen 

levels in long ecological time series are not changing significantly between years, there are 

likely some errors in the estimates of some of the processes which make up the O2 balance. 
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Risk of decreasing oxygen levels has been proposed by recent studies, as a consequence of 

climate change and increasing allochthonous matter runoff to oceanic shelves (Vazquez-

Dominguez et al., 2007, Nydahl et al., 2013, Gustafsson et al., 2014, Omstedt et al., 2014, 

Andersson et al., 2015). The difference in oxygen concentration in the estuary between 

February and December 2014 (37.24-56.42 = -19.13 mmol dm-2 yr-1) support that oxygen 

consumption takes place over the year.  

4.2 Interactive effects of rDOM and iron 

4.2.1 chlorophyll-a 

There is a difference in chlorophyll-a for the treatments on 2016-04-26 (figure 5), where all 

treatments should be similar, since no incubation has taken place yet. This is most likely 

explained by the presence of refractory substances that emit at similar wavelengths as 

chlorophyll-a following fluorometric analysis. This fits with the observation that treatments 

that received rDOM have the highest signal, as rDOM is likely to contain refractory 

substances (Drozdowska and Jozefowicz, 2015). A difference in control-P and Fe-P treatment 

is possibly explained by the addition of Fe and its tendency to remove particles from 

dissolved to a particulate fraction, thus decreasing light inhibition of these compounds, 

(Kohler et al., 2013), thereby causing a lower signal on the fluorometer. 

After incubation, the rDOM treatments show a much higher increase in chlorophyll-a 

compared to the non-rDOM treatments. This could be a true response in the sense that 

phytoplankton abundance increases after rDOM addition, which would indicate a C 

deficiency for phytoplankton. This is, however, very unlikely in a system that receives light, as 

the phytoplankton would be able to fix their own C via photosynthesis. Another explanation 

is that the rDOM contains nutrients that are more bio-available than the nutrients added 

through chemical additions. The most likely cause of this increase is, however, the fact that 

the rDOM that is broken down into smaller fractions by the increasing bacterial numbers 

causes more refractory compounds to be released in the water, thereby increasing the signal 

without a ‘true’ increase in chlorophyll-a. No significant effects of Fe or phosphate additions 

were found, although the Fe addition might have decreased bio-availability of phosphate in 

the combined treatment. No greater increases were found in the control-P treatment, where 

phosphate should have been available. The absence of a chlorophyll-a response to P-addition 

seems to indicate that the Öre estuary is N-limited rather than P-limited during wintertime.  

4.2.2 Humic Acid 

Humic acid analysis was done to track carbon compounds. The results showed the difference 

that addition of rDOM makes for humic substance concentrations (figure 6). A huge increase 

was seen in the treatments that received riverine material, showing that the inflow of river-

water is a big subsidy for C products in the estuary. Figure 6 further shows a decline over 

time (Linear regression -> rDOM: -0.42, r2=0.86 and rDOM+Fe: -0.58, r2=0.97) for the 

rDOM treatments, outlining secondary production and respiration of C compounds. The non-

rDOM treatments, on the other hand, seemed to need to accumulate some DOM from the 

26th to the 29th of April. Possibly, this increase is the result of photosynthesis, but 

chlorophyll-a data does show some increase from the 26th to the 29th as well. It seems that 

without the subsidy of rDOM, the community goes through a sequence of primary production 

-> humic substance increases -> secondary production increases due to C availability -> 

humic substance decrease and primary producer decline (Laanbroek et al., 1985). Although 

this relationship is also implied by the chlorophyll-a data, it is difficult to distinguish between 
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the signals for chlorophyll-a and humic acid. Therefore, it cannot be excluded that the data 

show a similar pattern because similar substances were measured in both cases. 

4.2.3 Respiration 

The increase in respiration rates for the rDOM treatments can again be seen quite clearly, 

indicating the importance of rDOM in secondary production and the yearly C balance of the 

estuary. Fe did not have any effects in this experiment. The analysis of respiration rates 

(figure 7) was impaired by temperature fluctuations obtained by not using an incubator 

chamber. Instead, samples were incubated in a climate room, which had a temperature 

system that shuts down to prevent overheating. This led to increases in temperature, 

seemingly making the oxygen levels rise at these points during the measurements. Even 

though the data were temperature corrected, the peaks due to this effect were still visible. In 

order to be able to use the data, the peaks were removed. The final data still had high 

variability, but this variability seemed to be constant over time, allowing linear relationships 

to be applied.  

4.2.4 Bacterial abundance 

Bacterial abundance showed a clear treatment effect for riverine dissolved organic matter but 

not for Fe (figure 8). At the first sampling point, abundance was relatively equal for all 

treatments, confirming that all treatments started at equal numbers. There were increases in 

the bacterial abundance in the rDOM and rDOM+Fe treatments that were larger than those 

of the control-P and Fe-P treatment, but the real response showed up after 3 days. The 

response shows that rDOM is definitely an important parameter in bacterial production in 

the Öre estuary, as has been shown previously (Wikner and Hagström, 1999, Wikner and 

Andersson, 2012, Nydahl et al., 2013). Control-P and Fe-P-treatments did not differ 

significantly, although a pure Fe treatment might have adverse effects as Fe may bind to 

phosphate (Bakker et al., 2016) causing phosphate limitation, and this is further discussed 

below. However, the Fe-P (where phosphate could have been lost) and Control-P (which does 

have available phosphate) treatments showed no significant difference, so phosphate was not 

a significant factor in this study. No difference in response for rDOM vs rDOM+Fe was 

found, indicating that bacterial growth is not being influenced by Fe, and that the form of Fe 

does not matter for bacteria (barring any effects to phosphate availability). 

4.3 Implications and conclusion 

The greatest responses were seen in the rDOM and rDOM+Fe treatments, and these 

treatments did not differ significantly in their elicited response. Also, the control-P treatment 

was not significantly different from Fe treatment. It seems therefore likely that the Fe 

addition did not have any effect, regardless whether they were added concomitant to rDOM 

or not. Analysis of the Fe concentrations of each treatment (data not shown) showed no 

significant differences between Control-P <-> Fe-P and rDOM <-> rDOM+Fe, meaning that 

Fe was not added in sufficient amounts to significantly alter concentrations between these 

treatments. In other words, the Fe treatments were insufficient compared to their controls to 

be regarded as Fe additions, and the only ‘true’ treatments in this pilot experiment turned out 

to be rDOM and control-P treatments. 

Furthermore, the larger aggregates formed by Fe-DOM association might have been filtered 

out in this study. If so, the DOM and Fe added to treatments might not bind together, 

meaning that the DOM-Fe treatment is no good representation of natural systems receiving 

increased OM that does have Fe bound to it. Given that the filtration caused loss of about 
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50% of Fe (42 to 18 µmol/L, data not shown), it is not impossible that this has happened. 

When studying Fe and organic matter interactions, it is therefore important to study the form 

of organic matter and Fe present in the experiment. This would, however, have caused 

additional complexity and increased the effort needed to accurately interpret results. 

Fe-additions were well below toxic levels (Bakker et al., 2016), and so no deleterious effects of 

Fe were expected, and none were shown in this experiment. Another non-toxic harmful effect 

of Fe could be its complexation to phosphates, causing phosphate levels to drop. This is 

actually used in some systems to combat harmful algal blooms, and is thus shown to be an 

adequate way of decreasing algal productivity (Bakker et al., 2016). The literature cited by 

Bakker et al. (2016) reports adequate binding capacity for phosphate limitations at ratios for 

Fe:P of 1:3.5 to 1:15. As the Fe treatment was 40x higher than the phosphate concentrations, 

it is likely that the added phosphate was unavailable in the Fe treatments. However, it is also 

possible that the Fe-addition did not sufficiently decrease phosphate due to high sulfate in 

the brackish water medium (Lamers, 2002). If the sulfate-levels did not counteract the Fe-P 

binding, the phosphate levels might have dropped below limiting levels, which could also 

explain the lack of phosphate effects. 

Previous literature showed Fe concentrations between 1-9 µmol L-1 (Stolte et al., 2006) and 

12.9 nmol L-1 (Breitbarth et al., 2009). Based on this, additions between the lowest and 

highest values (6 µmol L-1) were chosen in this study to promote a measureable response. 

However, it was assumed that the ultrafiltration of riverine material would be sufficient in 

removing Fe contents. Because precipitation of Fe with EDTA-gel was thought to remove too 

much DOM, I opted not to utilize this method. It seems C and Fe are indeed linked in such 

amounts that they do not easily separate. By choosing the riverine level of Fe according to 

concentration in previous years, I tried to overcome the presence of Fe in the riverine matter 

by adding 6 µM Fe on top of the riverine concentration. The riverine concentration turned 

out to be higher than suspected, however, thus making the addition of Fe relatively minor. 

Also, since the concentration of the riverine Fe (18 µM) was already considerably higher than 

the added 6 µM added, it could be that the Fe response was already present in both the 

control-P as well as rDOM treatments, and that the extra additions did not give any extra 

response. 

Notwithstanding these difficulties, the results of the experiment mainly outline the great 

influence that riverine organic matter has on ecological functioning of the Öre estuary. By 

inflow of organic matter and nutrients, the system might become active also during winter, a 

period previously thought of as non-active. These conclusions are supported by the C budget 

constructed, where I found that the rTOC is a major driver of planktonic respiration in later 

seasons. Furthermore, the budget indicates that by this increased respiration in non-active 

seasons, oxygen depletion might occur. By inferring the increased secondary production seen 

in this study, it is likely that secondary production will also be sustained in a natural 

situation. In essence, by adding organic matter to the Öre estuary, the system will show 

significant respiration, even in winter, possibly leading to anoxia. 

This study is therefore in line with the studies showing increased secondary production and 

high winter respiration in the Baltic Sea (Nydahl et al., 2013, Panigrahi et al., 2013, 

Andersson et al., 2015). The hypotheses stated at the onset of the study are sometimes kept 

and sometimes rejected, as this study does not fill in all gaps in knowledge on DOC, Fe and 

winter plankton respiration. 
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1. Winter discharge of DOC will fuel coastal plankton respiration. 

This hypothesis cannot be rejected, although a contribution from net usage of 

estuarine DOC accumulated during the productive season is needed in order to 

explain C used by winter respiration. 

2. Plankton respiration during winter is an important part of the annual oxygen 

consumption. 

This hypothesis is not rejected. The production to respiration ratios in winter are very 

low in winter (0.06 vs. 0.24 as second lowest ratio in autumn), so it is likely that 

winter respiration is an important part of annual respiration (23%, versus 11% and 

15% percent in autumn and spring, respectively), and thus oxygen consumption 

(respiration is only outnumbered in summer, when there is a high activity in the 

estuary). 

3. Seasonally elevated freshwater discharges result in increased plankton respiration. 

This hypothesis cannot be confirmed by this study and would therefore have to be 

rejected, since it would require analysis of time series over several years so that a 

separate association analysis can be made. However, in this study, there were some 

indications that the discharge may be available to bacteria, but that some priming 

effect is necessary in order to break down difficult substances. Yet, the effect of rDOM 

subsidies to bacterial production is very clear in the microcosm studies. 

4. DOC, Fe or a combination of these enhances plankton respiration at winter 

temperatures. 

This hypothesis must partly be rejected, as not all substances seemed to enhance 

plankton respiration. DOC surely did, but the effect of Fe cannot be distinguished 

from DOC in this setup due to high initial Fe concentrations. The effects of Fe and 

combined Fe-DOM treatments are therefore impossible to conclude from this study. 

Subsidies of Fe may also increase cyanobacterial activity, as shown in earlier 

literature. Especially as there is an indication of N-limitation in the estuary during 

winter, cyanobacteria might be preferentially suited to increase during winter 

conditions as they are able to fix their on nitrogen. An increased certainty of effects 

could be achieved by analysis of OM and Fe fractions, but this will induce additional 

complexities in study design and interpretation of results. 
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