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Abstract 

Climate change has created a need for solutions that can counteract greenhouse gas 

emissions. One is the expansion and maintenance of natural carbon (C)-sequestration 

habitats, such as forests and marine “blue carbon ecosystems”, including salt marshes, which 

represent large and long-term C-storage potential. While salt marsh blue carbon is gaining 

international attention, Baltic and Nordic salt marshes have been neglected in the blue carbon 

context. Here, we quantified C-stocks and C-sequestration rates in grazed and non-grazed 

sites of three Danish salt marshes, and evaluated whether grazing livestock, the standard 

management to increase biodiversity of the marshes, affect C-stocks and sequestration rates. 

The aboveground biomass and vegetation height in non-grazed salt marshes were 

significantly larger than for grazed salt marshes, but this did not lead to significantly 

enhanced overall sediment- or C-accumulation rates. Detailed model analyses of sediment 

profiles even indicated significantly higher C-densities in surface layers at grazed sites. 

Averaged C-densities, C-stocks (top 43 cm sediment) and sequestration rates estimated from 

210Pb profiles ranged 0.011-0.022 g C cm-3, 4228-8178 g C m-2 and 17-45 g C m-2 yr-1, 

respectively, with the latter being low in the global context. While these pioneering studies 

for the Baltic/Nordic region showed a neutral to positive effect of grazing on C-sequestration, 

there is a need to explore the overall C-footprint of this practice, including effects on net 

GHG-emissions and coastal defense capacity of marshes, and define blue carbon 

management strategies for salt marshes to maximize their climate change mitigation- and 

adaptation capacity while supporting biodiversity.  
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Introduction 

The expansion and maintenance of natural carbon sinks are a key tool for mitigation of 

climate change as the restoration of lost habitats leads to negative emissions and the 

prevention of further losses avoid emissions (Gattuso et al. 2018; IPCC 2018; Rogelj et al. 

2018). These sinks include marine vegetated coastal habitats, also referred to as blue carbon 

habitats, which are of special interest, due to their disproportionately large capacity for 

carbon sequestration and associated co-benefits (McLeod et al. 2011; Duarte et al. 2013; 

Howard et al. 2017). Vegetated coastal ecosystems (salt marshes, mangroves and seagrasses) 

grow in the transition zone between sea and land and consist of vegetation that is fully or 

partially submerged by seawater (Howard et al., 2017; Nellemann et al., 2009). The blue 

carbon habitats cover less than 2% of the marine surface area but are estimated to be 

responsible for ~50% of the C-burial in marine sediments (Duarte et al. 2005), and support C-

sequestration rates that, on an area basis, can be 30-50 times larger than C-sequestration in 

the soils of terrestrial forests (McLeod et al. 2011).   

Salt marshes support a global average C-accumulation rate in the sediments of 245 ± 26 g C 

m-2 yr-1 (Ouyang and Lee 2014). This high C-burial rate is due to factors such as high rates of 

primary production, anoxic sediment, and significant accumulation of particles containing 

both autochthonous (from within the ecosystem) and allochthonous (from external sources) 

carbon, trapped from the water by the vegetation (Bakker et al. 1993; McLeod et al. 2011; 

Duarte et al. 2013; Kelleway et al. 2016). The oxygen-poor sediment leads to slow 

decomposition rates and, hence, promotes carbon accumulation and storage over long periods 

of time (Johnson et al. 2007; Ward et al. 2008; McLeod et al. 2011; Duarte et al. 2013; 

Kirwan and Megonigal 2013). In addition to having a large capacity for carbon storage, salt 

marshes also provide other ecosystem services such as natural coastal protection and thereby 

also contribute to climate change adaptation (e.g. Duarte et al. 2013). Other co-benefits 
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associated with restoring and protecting salt marshes are improved water quality/clarity 

through filtering of particles and nutrients and stimulation of biodiversity by providing 

spawning area, feeding grounds and habitats for fish and wildlife (Gedan et al. 2009; Laffoley 

and Grimsditch 2009; Herr and Landis 2016; Himes-Cornell et al. 2018). Conservation and 

restoration of salt marsh habitats are therefore a win-win management solution for climate 

change mitigation and adaptation with co-benefits for water quality and biodiversity. 

However, salt marshes are among the globally most threatened ecosystems with an estimated 

global loss rate of 1-2% per year (Duarte et al., 2008; Mcowen et al., 2017; Nellemann et al., 

2009; Pendleton et al., 2012) and have lost 25-50% of their historical extent (Duarte et al. 

2008) primarily because of human interference, such as dredging, diking and draining to 

reclaim land for e.g. agriculture or infrastructure (Gedan et al. 2009). Sea level rise poses an 

additional risk and it is predicted that 20-90% of the existing wetlands on earth will be lost by 

2100 depending on projected sea level rise (IPCC 2019). The salt marshes at highest risks are 

the ones that are already limited by reduced sediment supply, which hinders vertical growth 

of the marsh, and those that are constrained by human modifications, which prohibit 

landward migration (IPCC 2019).  

When wetlands are drained, degraded and converted, above- and belowground biomass is 

lost. This reduces the C-stocks both in terms of biomass and because drainage increases the 

exposure of the sediment to oxygen, thus leading to increased decomposition rates and 

release of CO2 into the atmosphere (Pendleton et al. 2012; Macreadie et al. 2013; Howard et 

al. 2017). The total area of coastal ecosystems corresponds to 2-6% of the area of tropical 

forests, but their degradation contributes to around 19% of global deforestation emissions 

(Pendleton et al. 2012). Therefore, instead of acting as C-sinks, they can turn into C-sources 

when facing these anthropogenic impacts and thereby contribute to increasing greenhouse gas 

emissions (Duarte et al. 2013; Howard et al. 2017; Li et al. 2018). 
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While salt marshes are receiving global focus in the blue carbon context, these habitats are 

largely neglected in the Baltic and Nordic region, where we are only aware of earlier blue 

carbon studies in the Wadden Sea, shared by Denmark, Germany and the Netherlands (e.g. 

Morris and Jensen 1998; Mueller et al. 2019)  and in Arctic wetlands in Norway (Ward 

2020). The salt marshes of the Wadden Sea were recently highlighted among the top three 

Marine World Heritage Site salt marshes in blue carbon context (UNESCO 2021). 

The steep environmental gradients of the Nordic/Baltic region in terms on salinity, climate 

and tidal level create a wide diversity of salt marsh habitats ranging from “classic” grass-

dominated marshes along the shores of the Atlantic Sea towards more protected coastal 

meadows in the brackish and microtidal Baltic Sea.  Boreal Baltic coastal meadows are 

categorized as endangered in the European Red List of Habitats, while Atlantic coastal salt 

marshes are categorized vulnerable (Janssen et al., 2016), and actions are needed to conserve 

and expand them. Livestock grazing is a key management practice in the region to stimulate 

salt marsh plant biodiversity and prevent overgrowth by e.g. reeds (see further detail under 

“study sites”) but there is no focus on the ecosystems´ ability to sequester carbon or the 

potential of salt marsh management as a part of climate change mitigation strategies. The 

international literature provides limited and divergent information about how grazing affects 

the blue carbon capacity (e.g., Davidson et al. 2017; Harvey et al. 2019; Moore et al. 2020) 

since this practice may reduce aboveground biomass (Morris and Jensen 1998), stimulate 

below ground biomass, affect decomposition via changes in abiotic conditions (Elschot et al. 

2013, 2015) and lead to changes in the source of organic matter (Mueller et al. 2019; Tang et 

al. 2020).  

Here we quantify sediment and biomass C-stocks and sediment C-sequestration rates in three 

Danish salt marshes and do so for both grazed and non-grazed marshes in order to identify 

potential differences.  We hypothesize that C-stocks and -sequestration rates are larger in 
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non-grazed compared with grazed salt marshes due to increased trapping of allochthonous 

material from the ocean and increased deposition of autochthonous plant detritus that is not 

removed by livestock.  

 

Methods 

Study site 

The majority of Danish salt marshes/coastal meadows encompasses saline tidal grasslands of 

the habitat type 1330 (Atlantic salt sea meadows) under the Natura 2000 network related to 

the European Habitats Directive and Birds Directive (Pätsch et al. 2019). This habitat type is 

among the 63 European habitat types that depend on agricultural practices, mainly grazing 

(Halada et al. 2011). It is categorized as partially dependent on grazing in order to diminish 

succession of tall plant species such as reeds, which overshadow shorter and more diverse 

vegetation (Dijkema 1990; Halada et al. 2011). The long history of grazing makes Danish and 

Nordic salt marshes dependent on this practice to maintain plant biodiversity (Dijkema 1990; 

Adam 2002). More specifically, Danish salt marshes are represented by three habitat types 

under the category “Atlantic and continental saltmarshes and saltmeadows-1300”: Salicornia 

and other annuals colonizing mud and sand (1310), Spartina swards (Spartinion maritimae) 

(1320) and, the dominant, Atlantic salt meadows (Glauco-Puccinellietalia maritimae) (1330). 

Overall, they comprised 41,039 hectares in 2019 according to the Danish national monitoring 

program (NOVANA) (Fredshavn et al., 2019). The habitat type 1330 is furthermore 

categorized into two subtypes according to whether they are being grazed (salt marsh/ salt 

meadow) or not (salt swamp). Hence, even at the same elevation, grazed and non-grazed 

marshes exhibit marked differences in plant communities. The grazed communities are 

dominated by halophytic grass and herb species such as Puccinellia maritima, Aster 

tripolium, Salicornia europaea, Festuca arundunacea, Plantago maritima, whereas the non-
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grazed communities are dominated by reeds such as Phragmites australis, Bolboschoenus 

maritimus and Schoenoplectus tabernaemontani. These salt swamps often have lower 

biodiversity than the moderately grazed ones, except when they have been naturally un-

grazed for many years (Dijkema 1990; Vestergaard 2000; Biró et al. 2019). Around two 

thirds of the total area of mapped salt marshes in Denmark (2016-2019) are affected by 

grazing to greater or lesser extent and only 14% is predominantly salt swamp (75-100% 

covered by reeds) (Novana.au.dk, in Danish). In the following we use, for simplicity, the term 

“salt marsh” to describe both salt marsh, salt meadows and salt swamps. 

This study included 3 geographical locations each with two sites: a grazed- and a non-grazed. 

The three study sites were located in three different estuaries on the eastern coast of Jutland 

exposed to a common tidal range of 20-40 cm (Dansk Meteorologisk Institut.): Brigsted in 

Horsens Fjord, Udbyhøj in Randers Fjord and Hadsund in Mariager Fjord (Figure 1). Each of 

the locations were categorized with 75-100% of the area being grazed. The locations were 

chosen at about the same distance to the shoreline (~2-5 m) in order to minimize the variation 

caused by factors such as inundation and salt- and water-content in the sediment. All of the 

sampling sites were located in the lower marshes, which are covered by most of the tides, 

compared to the upper marsh only flooded by seawater at the highest spring tides (Boorman 

2003). The ungrazed sites were dominated by Phragmites australis (70% in Randers and 87 

% in Mariager) and Bolboschoenus maritimus (91% in Horsens) while Puccinella maritima 

represented a large part of the grazed sites (66% in Horsens, 54% in Randers, 38% in 

Mariager) together with Tripolum pannonicum (15% in Horsens), Plantago maritima (21% in 

Randers) and Atriplex prostrata (42% in Mariager). 

The grazing history of the study sites is known back to 2004 when Denmark’s national 

monitoring program on salt marshes started (arealinformation.miljoeportal.dk), but it is likely 

that the same grazing regime may have existed much further back in time.  
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Field sampling 

Above- and belowground biomass along with sediment samples were collected and analyzed 

from a grazed and a non-grazed site in each salt marsh location. The fieldwork was conducted 

in September/October 2018. For quantifying the aboveground biomass, material within 

triplicate 25x25 cm metal frames, randomly placed in the vegetation, was harvested at each 

site by cutting at the sediment surface. For quantifying the belowground biomass as well as 

sediment carbon content and associated variables, 4 randomly placed sediment core samples 

were gathered within both grazed and non-grazed sites at every location. One core was used 

for the belowground biomass and three replicate cores were used to quantify the level and 

within-site variability of  sediment density, carbon content, and organic matter content. 

Moreover, sediment and carbon accumulation rates were quantified based on 210Pb dating of 

pooled sediment samples from the three replicate cores (see below). To extract the core 

samples, 100 cm acrylic tubes with an inner diameter of 5.2 cm were used. Before the 

insertion of the tube, the sediment and roots were cut with a knife around the perimeter of the 

tube in order to ease sampling and minimize sediment compaction. The core samples were 

transported back to the laboratory and placed in a cold room (~10°C) in order to ensure 

similar conditions as outdoor until they were processed. All of the samples were processed 

within few days from the sampling date. 

 

Laboratory work 

The aboveground biomass was divided at species level, rinsed and dried to constant weight at 

60 °C. The partly degraded biomass that could not be identified at a species level was 

gathered and measured as one group. The belowground biomass cores were sectioned in 

depth intervals: the upper 10 cm were cut in 1 cm sections, from 10 to 42 cm, the sample was 
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sectioned in 2 cm intervals and the remaining core was sectioned in intervals of 4 cm. In 

order to clean the belowground biomass, each sediment slice was rinsed through a 1.5 mm-

mesh sieve and wet weight (ww) and dry weight (dw) of the retained biomass were measured. 

The root to shoot ratio was evaluated on the basis of the above- and belowground dw 

biomass.  

The remaining three replicate sediment cores from each site were sectioned in the same way 

as the biomass cores. Sediment cores were sliced at 1 cm along the upper 10 cm to ensure 

enough resolution of the Pb-210 concentration profiles to be used for determining the 

sedimentation rates in case these were low. Slice-depths were defined based on absolute 

depths of the collected core and were subsequently corrected for compaction. Samples from 

the same intervals of the 3 cores at the same site were pooled in the same Ziploc bag, in order 

to reduce the number of C-and N-analyses and to provide a more representative sample. This 

procedure was followed except for 5 of the intervals (1-2 cm, 7-8 cm, 14-16 cm, 24-26 cm, 

34-36 cm), which were analyzed individually to be able to estimate the sample variation 

around the mean value of the pooled sample. The pooled sediment was mixed thoroughly, but 

quickly so that it would not dry out. 10 ml of wet sediment from each mixed interval was 

weighed (Sartorius CPA 6235- 3 decimals). Visible stones and twigs were avoided when 

taking the 10 ml subsample in accordance to the blue carbon manual (Howard et al. 2014). 

The same procedure was conducted on the 5 sample intervals that were not pooled. The 

samples were dried to constant weight at 105 °C; hereafter the dw was measured in order to 

calculate the water content and bulk density.  

All sediment samples as well as every third section of belowground biomass and samples of 

the dominant plant species were finely grinded (Retsch RS) for 8 seconds at 1400 revolutions 

per minute and thereby homogenized. Around 150-200 mg of grinded material was treated 

with 1 ml 1 M hydrochloric acid (HCl) to remove inorganic carbonates. When the samples 
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had finished bubbling, indicating that carbonates were removed, they were centrifuged for 

around 5 minutes at 2700 revolutions. Afterwards the samples were washed with 10 mL 

ELGA LabWater in order to remove the Cl--ions from the added HCl followed by another 

round of centrifugation. This procedure was repeated. The treated samples were then dried at 

60 °C and a subsample of each transferred to tin capsules and analyzed for C- and N-content 

and isotopes on a C- and N-analyzer (Thermo Scientific Flash 2000- Organic Elemental 

Analyzer 2014). 

All calculations and plots involving depth are corrected for compression. Compression 

occurred at two stages; in the field during the insertion of the core tube and in the laboratory 

during the extraction of the sample from the tube. In the first stage, the height difference of 

the sediment surface was measured inside and outside the core tube after insertion in the 

sediment. In the second stage, the total core length was measured before and after extraction 

from the core tube in the laboratory. The observed compressions of these two stages present 

the total compression of each core. Averaging the relative compressions over all the pooled 

cores produced the compression ratio for one core pool. These ratios were used to scale the 

noted depth intervals of the samples to the more precise sampling depths. The C-densities (g 

C cm-3) were calculated as the product of the sample’s carbon content (%) and bulk density (g 

dw cm-3). In addition, the C-stock (g C m-2) of each pooled core was computed by integrating 

the C-density across depth down to ~43 cm, which was the length of the shortest 

compression-corrected core. The estimate of the C-storage is therefore also limited to this 

depth. The same depth was used for C-stock of the belowground biomass. 

Weighted average values were calculated across depth sections for bulk density, water 

content, organic matter (OM), C/N, sediment organic carbon (SOC) and sediment C-density. 

Similar to the C-stock, only the top ~43 cm of each pooled core was considered. The OM 

content (%) was determined on all the dried and ground sediment samples by weighing 
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subsamples (~2g) in pre-weighed crucibles before and after 2 hours combustion at 550°C 

(Danish Standard #204).  

Wet sieve analysis was made in order to measure the grain size distribution for subsamples of 

the pooled sediment cores. The analysis was conducted on 5 cm interval sediment samples on 

the first 10 cm of the core, and 8 cm intervals in the rest of the core. In the analysis, two 

sieves with the mesh size of 500 µm and 50 µm were used to divide the sediment samples 

according to grain sizes <50 µm (silt and clay), 50-500 µm (fine and medium sand) and >500 

µm (coarse sand). This separation differs slightly from the 63 µm cutoff typically used to 

define the silt and clay fraction. 

Specific activities of 210Pb were measured along each pooled sediment core to date the 

sediment and determine sedimentation and C-accumulation rates during the last 

decades/century. Total 210Pb was determined using alpha spectrometry through the analysis of 

its granddaughter 210Po following Sanchez-Cabeza et al (1998). Briefly, about 300 mg of 

ground subsamples were digested in a HNO3:HF mixture (9:3 ml) using an analytical 

microwave in the presence of a known amount of 209Po added as a tracer. After a second 

digestion with H3BO3 and reconditioning to 1 M HCl, Po isotopes were spontaneously 

deposited onto silver disks while stirring at 80 °C for at least 8 h. Alpha emissions of 

polonium isotopes were quantified using PIPS detectors (CANBERRA, model PD450.18 

A.M.). The specific activities of excess 210Pb (210Pbxs) used to calculate mean mass 

accumulation rates were determined as the difference between total 210Pb and 226Ra 

(supported 210Pb). Specific activities of 226Ra were quantified in selected samples along each 

core by gamma spectrometry through the measurement of its decay product 214Pb at 295 and 

352 keV using calibrated geometries in HPGe detectors (CANBERRA, Mod. SAGe Well). 

Total 210Pb activities at depth below the horizon of 210Pbxs derived by alpha spectrometry and 

226Ra specific activities via gamma were within error of one another in cores. Mean mass 
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accumulation rates (MAR) were estimated using the Constant Flux:Constant Sedimentation 

(CF:CS) model (Krishnaswamy et al. 1971, Appleby & Oldfield 1978, Arias-Ortiz et al. 

2018). Carbon sequestration rates/carbon accumulation rates (CAR) were estimated as the 

product of MAR and the weighted average of %C along each dated core. The latter was 

averaged from the sediment surface to deepest depth representing excess 210Pb. Since the top 

sediment was mixed (Figure 5) this calculation assumed similar MAR for the mixed layer as 

for the rest of the core.   

 

Statistical analyses 

Paired t-tests were conducted to examine if grazing had an effect on vegetation height, 

aboveground biomass, belowground biomass, root to shoot ratio, as well as average sediment 

water content, OM-content, depth-integrated C-stocks, C/N-ratio and isotopic composition of 

C (and N) at each site.  

In addition, a more detailed analysis of sediment C-density with core depth, location and 

grazing was conducted by linear models. Given that many C-density depth profiles were non-

linear and often exponentially decreasing, the profile data were log-transformed to facilitate 

comparisons using linear models. Furthermore, the log transformation helped conform the 

data variability to a normal distribution, which was tested using histograms and Shapiro-Wilk 

tests. More specifically, a family of linear models were fit to the log (C-density) profile data 

to analyze how these profiles related to grazing levels and geographical positions. A full 

model where both the slope (i.e., the rate of decline with depth) and the intercept (i.e., the C-

density level at the sediment surface) vary independently across location and grazing, was the 

starting point of the analysis (Table S1). A number of reduced, simpler models (Table S1) 

were constructed and systematically compared (Figure S3) to assess whether the C-density 

depth distribution depended on location, grazing or both factors. Differences between models, 
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indicative of differences in explanatory power, were tested using ANOVA (Table S1, Figure 

S3). Akaike’s information criterion (AIC) and the Bayesian information criterion (BIC) were 

also used to identify the model with the highest explanatory power relative to model 

complexity, i.e., the number of free parameters. The goal of these analyses was to identify the 

simplest possible model that sufficiently explained the depth pattern in C-density. 

All statistical analyses and plotting of graphs were conducted in the statistical software 

RStudio version 1.1.463.  

 

Results 

Vegetation biomass and height 

The non-grazed areas had significantly taller vegetation (80-112 cm; ~10 times taller) than 

the grazed areas (10-15 cm) at all sites (paired t-test, p= 0.016). Similarly, the non-grazed 

areas had significantly more aboveground biomass (average 1244-1492 g m-2) than the grazed 

areas (average 338-661 g m-2) (Figure 2, paired t-test, p<0.001). Despite the large 

aboveground biomass in the non-grazed areas, the belowground biomass showed no overall 

significant difference with grazing (paired t-test, p=0.449) although average levels were 

larger in the grazed (12504 and 14871 g m-2) than the non-grazed areas (7139 and 7781 g m-

2) in Randers and Horsens, whereas the opposite was the case in Mariager (grazed= 3338 g m-

2, non-grazed= 6720 g m-2) (Figure 2). Overall, the belowground biomass was many times 

larger than the aboveground biomass and constituted the majority of the total biomass (on 

average 89%) (Figure 2, Table 1). The grazed salt marshes tended to have the largest 

root/shoot ratio in all locations with that of Horsens and Randers being a magnitude higher 

than that of Mariager (Table 1). However, the root/shoot ratios were not significantly larger 

in the grazed than the non-grazed marshes (paired t-test, p=0.16). 
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Sediment composition  

Across sites, the weighted average sediment variables ranged from 0.74 to 1.16 g cm3 for 

bulk density, 20.7-34.0% for water content, 5.6-11.3 % for OM, 0.92-2.6 % for organic C, 

0.011-0.022 g C cm-3 for C-density and 12.4-19.6 for C/N ratio (Table 2). Overall, the 

variables showed no significant differences between grazed and non-grazed areas (paired t-

test, p>0.05), except for the water content, which was significantly higher in grazed salt 

marsh sediment compared to non-grazed (paired t-test, p=0.049). Across sites, sediment %C 

showed, as expected, a positive linear relationship with %OM (𝐶𝐶 = 0.40877 ∗ 𝑂𝑂𝑂𝑂 −

0.0413, Figure S1), underlining that LOI is a good predictor for sediment C (p<0.05, Figure 

S1) if the more precise but costlier C-analyses are not possible. 

Grain size showed some depth-related trends, with the fraction of silt/clay increasing towards 

the surface layers at Horsens and also at Randers, although to a lesser extent (Figure 3). By 

contrast, Mariager exhibited highest silt/clay content towards the deeper sediment layers. 

While Horsens and Randers showed somewhat similar grain size distribution between grazed 

and non-grazed sites, Mariager exhibited larger local variability between sites in the sediment 

layers (Figure 3).   

 

Variation in carbon content with sediment depth  

All sites in Horsens and Randers had the highest C-density in the top sediment (Figure 4). In 

contrast, the grazed site in Mariager showed an increase in C-density from the sediment 

surface to around 30 cm depth where after it decreased, while the non-grazed site in Mariager 

had a roughly constant C-density throughout the core (Figure 4).  The C-density distribution 

generally followed the same trend as that of silt/clay (Figure 3). 

The analysis of the log-C-density with depth, location and grazing indicated that the initial 

full model (Table S1)  could be reduced to two different models according to which model 
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selection method was considered (AIC, BIC, ANOVA). The AIC and BIC agreed that the 

two best models were those where log-C density in the top sediment varied across both 

location and grazing and where the pattern with depth varied only across location. The two 

models differed in that C-density in the top layers was affected both by location and grazing 

but without interaction in one model, but with interaction in the other. BIC pointed at the 

simplest model without interaction as the best, while AIC pointed at the model with 

interaction as the best (Table S2). As the model reduction through a series of ANOVAs 

(Figure S3) also supported the simplest model as the best we chose this model (Table S4). 

This model indicates that surface C-density is affected by both location and grazing, but that 

the effects are independent of each other, i.e., that the two effects are additive. The model 

also reflects that the depth pattern, as indicated by the slope, is affected by location, but not 

by grazing. 

 

The chosen model identified significantly higher C-density in the upper sediment layer 

(intercept) of the grazed than non-grazed areas (see line 4 in Table S4), with the C-density of 

the top sediment being 46% larger in the grazed areas on average (Figure 4). The decline of 

C-density with depth (slope) was similar across grazing level, but with higher levels of C-

density at the grazed sites. Thus, according to the model, the total depth integrated C-stock 

was higher in grazed than non-grazed areas. The C-density in the top sediment as well as the 

C-density profile differed significantly between the three locations; showing a significant 

decrease with depth in Horsens and Randers but not in Mariager. However, Mariager still 

followed the pattern of highest C-density at the grazed site.  These location-specific 

differences and the number of locations studied here limit the power of the analysis, however, 

and  call for further studies for evaluating whether grazing generally enhances sediment C-

stocks. 
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Carbon stock 

There was no significant difference in aggregated sediment C-stock between grazed and non-

grazed salt marshes (paired t-test, p=0.177) although average levels were higher in the grazed  

(6052-8178 g C m-2) than in the non-grazed marshes (4228-5625 g C m-2) (Figure 2, Table 3). 

In contrast, the more detailed ANOVA of the depth-related patterns in C-density identified 

significantly higher levels in grazed areas (see model fits above).  

The root biomass (belowground biomass C-stock) comprised a major part of the sediment C-

stock in both the grazed and non-grazed areas (Table 3). However, Mariager grazed, was the 

location with the highest sediment C-stock of all locations (8178 g C m-2, Table 3) but the 

lowest biomass C-stock (917 g C m-2), so here the belowground biomass constituted only a 

small part of the total C-stock.  

The core sections with the highest carbon contents (Figure 4) typically also had the highest 

contents of silt and clay (Figure 3). Overall, the highest content of clay was found in the 

grazed area in Horsens (22.1%) and Mariager (12.4 %) and in the non-grazed area in Horsens 

(19.0%) (Table 2). These areas were characterized by the lowest average bulk density and the 

highest average %compression, %OM, %C and C-density (Table 2) indicating fine-grained 

and organic rich marsh sediments. 

 

Sedimentation rate and carbon accumulation rate 

It was only possible to quantify sedimentation rates based on the 210Pb concentration profiles 

for three out of six sites (Horsens grazed and non-grazed and Randers grazed, Table 4, Figure 

5), while the remaining cores exhibited intense mixing in the top 10-30 cm (Figure 5). The 

average mass accumulation rate (MAR) was relatively similar between the three sites 

(Horsens grazed 0.067 g cm-2 yr-1, Horsens non-grazed 0.070 g cm-2 yr-1 and Randers grazed 
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0.074 g cm-2 yr-1). The CAR values obtained from the three cores were in the range of 17-45 

g C m-2 yr-1. It was only possible to compare the difference of CAR between a grazed and a 

non-grazed location in Horsens. The grazed area (45 g C m-2 yr-1) had a higher weighted 

average CAR than the non-grazed area (29 g C m-2 yr-1) (Table 4). These rates represent the 

top 20-23 cm, corresponding to around 100 years (Figure 4). For the three sites that did not 

allow quantification of sedimentation rates, MAR and CAR were estimated based on the 

average of the sedimentation rates measured at the other sites. 

 

Isotopic composition 

Differences in the origin of sediment carbon sources, e.g. contribution of allochthonous and 

autochthonous C, were evaluated based on stable isotope (δ13C and δ15N) analysis (Kennedy 

et al. 2010). The composition of δ 13C isotopes in the top 10 cm suggested differences in 

autochthonous sources related to the composition of grazed and non-grazed communities 

(Figure 6), although the patterns were not significant (paired t-test, p=0.609). Non-grazed 

sites showed a tendency for more enriched C-isotopes likely reflecting the heavier isotopic 

signal of reeds (-27.6 to -28.5‰) than grazed salt marsh plants, typically herbs and grasses (-

28.9 to -34.5‰, Figure 6), and possibly also of marine allochthonous C, which also is 

characterized by a heavier C-isotope value (e.g., Zostera marina: -9 to -17.7‰, macroalgae: -

14.6 to -26.6‰, marine plankton: -16.4 to -18.6‰, values based on our study and Röhr et al. 

(2018), Figure 6). 

δ15N isotopes in the top 10 cm differed among sites (supplementary information, Figure S4), 

but did not show significant difference depending on whether the area was grazed or not 

(paired t-test, p=0.459). Reed plants, which only occur at non-grazed sites, have a slightly 

heavier δ15N signal, but this difference was not observed in the sediment except possibly at 

Horsens (supplementary material, Figure S4).  
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Discussion 

Carbon densities, -stocks and -sequestration rates  

Our pioneering Blue Carbon assessments for three grazed and non-grazed Baltic/Nordic salt 

marshes (sediment C-densities: 0.011-0.022 g C cm-3, C-stocks (top 43 cm): 4228-8178 g C 

m-2
, 
 CAR: 17-45 g C m-2 yr-1) are in range with the only previous Danish estimate of 0.021-

0.027 g C cm-3 (top 10 cm) in the Wadden Sea (Morris and Jensen 1998) and with global 

averages (0.0162 g C cm-3 for the top 1 m, Duarte et al. 2013; 0.039 ± 0.003 g C cm-3, 

representing unspecified and variable core depths, Chmura et al., 2003). Our results also 

compare with the global assessment of C-stocks (16200 g C m-2 for top 1 m sediment, Duarte 

et al. 2013) when accounting for core depth; depth considerations being important as 

densities are typically highest in the top 20-50 cm (our results; Connor et al., 2001; Jobbágy 

& Jackson, 2000; Mueller et al., 2019). By contrast, C-sequestration rates of the Danish salt 

marshes are low compared to global mean levels (244.7 ± 26.1 g C m-2 yr-1, range: 18-1713 g 

C m-2 yr-1, Ouyang and Lee 2014), which may be due to the microtidal nature of the Baltic 

salt marshes and associated limited input of particles. 

A recent study of German Wadden Sea salt marshes highlighted that the decreasing trend of 

C-content with depth reflected higher decomposition in the upper aerated layers and argued 

that only the stable deeper C-content represent long-term preserved C (Mueller et al. 2019). 

Using this definition, the long-term C stock in the Danish salt marshes roughly comprises 23-

68% of the total C-stock (to 43 cm). However, even though not permanent, the top sediment 

of the Danish marshes represents relatively long term storage, since dating confirmed that the 

upper 20-23 cm of the marshes in Horsens and the upper 10 cm of the grazed marsh in 

Randers represent around 100 years of C-sequestration. We have limited information on the 

history of the sampled marshes, but as they represent the low marsh, the sites are geologically 
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young and may have been seabed a few decades ago. The grain size distribution in the salt 

marshes in Horsens could indicate a transition zone in the upper ~25 cm with an increasing 

content of silt and clay towards the surface (Figure 3), which may result from vegetation 

cover slowing down the water movement, and thereby allowing finer sediment to settle. 

Hence, the sampling site may have been an established salt marsh during the last 40-60 years 

representing the top 10 cm with the highest level of silt and clay, but likely started to develop 

more than 100 years ago (25 cm). Older salt marshes, which have accumulated plant litter 

and sediment for many years, typically represent a deeper and larger C-stock than new ones 

(Johnson et al. 2007; Radabaugh et al. 2018). The fact that the majority of C is found in the 

top sediment places the ecosystems in a fragile position at risk of becoming a C-source 

instead of C-sink if exposed to oxidation as a consequence of disturbance from for example 

land use change or erosion because of rising sea levels (Howard et al. 2017; Lovelock et al. 

2017). 

 

The effect of grazing livestock 

The identified neutral-positive effect of grazing on salt marsh Blue Carbon potential may 

result from a combination of differences in net input of organic matter from autochthonous 

and allochthonous sources and/or differences in sediment structure and decomposition of the 

organic matter between grazed and non-grazed sites. Indeed, belowground biomass 

production and organic matter decomposition are some of the most important determining 

factors for the net C-accumulation (Elsey-Quirk et al. 2011; McLeod et al. 2011). Regarding 

net input of organic matter, we identified, as expected, markedly different plant species 

assemblages, developing significantly taller vegetation and larger aboveground biomass in 

the non-grazed salt marshes. But this did not result in larger sediment C-stocks in non-grazed 

plots. The higher C-density in the grazed marshes (Horsens and Randers) could instead be 
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caused by higher belowground biomass production, as the root/shoot ratio was many times 

larger in the grazed salt marshes compared with the non-grazed, and large fractions of the 

total sediment C-stock came from belowground biomass. Belowground biomass production 

can be stimulated by grazing, as a result of the plants’ allocation of resources from 

aboveground - to belowground biomass to compensate for the aboveground loss caused by 

grazing (Holland et al. 1996; Yu and Chmura 2009; Tanentzap and Coomes 2012; Elschot et 

al. 2015; López-Mársico et al. 2015). Ouyang et al. (2017) showed that roots of salt marsh 

vegetation are responsible for 78% of the sediment C-accumulation.  

We had also expected that the tall vegetation of the non-grazed plots would stimulate 

sedimentation of organic matter and thereby accretion rates. But the one paired grazed/non-

grazed plot where dating was possible showed approximately similar sediment accumulation 

rates (SAR) whether grazed or not (1.5 vs. 1.2 mm yr-1). Furthermore, the non-grazed salt 

marsh actually displayed a lower C-sequestration rate (29 g C m-2 yr-1) than the neighboring 

grazed area (45 g C m-2 yr-1) due to higher sediment C-density. Although these data point at 

higher C-sequestration in grazed salt marsh, the lack of replicate information does not allow 

us to draw a general conclusion. 

Grazers may also affect decomposition via their physical impact on the sediment. The 

decomposition rates of SOC can decrease due to the low oxygen concentration caused by 

reduced drainage as a result of trampling (Elschot et al. 2015; Mueller et al. 2017). This is 

indicated in our study, where the water content was significantly higher in the grazed salt 

marshes compared to the non-grazed ones, and the C-densitytended to be larger in the grazed 

salt marshes. As grain size determines the porosity of the sediment (Kelleway et al., 2016), it 

can play an important role in the degree to which grazers change the abiotic conditions of the 

sediment. The compaction and thereby alteration of abiotic sediment conditions will be 

higher in salt marshes that are dominated by fine grained silt and clay sediment, compared to 
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sandy sediment (Schrama et al. 2013; Elschot et al. 2015). Accordingly, the grazed marshes 

(Horsens and Mariager) with the highest clay content also had the highest compression. 

Trampling by the livestock may also redistribute sediment layers. It is, therefore, also 

possible that trampling caused the different depth patterns between grazed and non-grazed 

sites at Mariager by turnover of the sediment profile, resulting in organic particles being 

trapped and buried deeper in the sediment. Indeed, the 210Pb analyses confirmed intense 

mixing of sediment in the upper 30 cm (Figure 5). Cows had access all the way down to the 

shoreline at this site and the wetter sediment in the lower marsh is more vulnerable to 

trampling, compressing the sediment underneath, which in turn would force the surrounding 

sediment upwards, creating tufts of 10-30 cm (Vestergaard 2000). The formation of tufts and 

compression tend to be intensified owing to the behavior of livestock that preferably avoid 

the tufts, causing further compression and mixed sediment between the tufts (Vestergaard 

2000), a livestock-induced bioturbation. Such a carbon capture mechanism based on 

downmixing of organic particles in the grazed location of Mariager is supported by the fact 

that this site had the highest sediment organic carbon content, but the lowest belowground 

biomass (Table 3), as opposed to the two other grazed locations where a large part of the C-

stock came from the belowground biomass. Sediment texture affects the stabilization of 

organic C, with clay particles providing stabilization as well as physical protection from 

decay of the C by creating aggregates, resulting in a positive correlation between clay and 

organic C (Schimel et al. 1994; Lim et al. 2015; Kelleway et al. 2016). However, we cannot 

exclude that the large difference between the depth patterns at the two sites in Mariager could 

be caused by spatial heterogeneity, for example due to variability in sediment layers.  

Grazing may further affect the sources of organic matter including the contribution of 

allochthonous versus autochthonous C. Our data suggested a positive relationship, albeit non-

significant, between the isotopic C-signal from the top 10 cm in grazed and non-grazed 
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locations and the isotopic C-signal of the plants that were present in the grazed and non-

grazed marshes, respectively (Figure 6). The more enriched C-isotope values of non-grazed 

salt marshes likely reflects the larger input of carbon from reeds and possibly also marine 

allochthonous C, both having a heavier isotope value than grazed salt marsh plants (Figure 6). 

The marine sources may be easier retained in the reeds than on the low marshes, where the 

livestock may also graze this component. Mueller et al. (2017) reported larger contributions 

of recalcitrant autochthonous (terrestrial) vs. easily degradable allochthonous (marine) 

sources in grazed areas vs non-grazed areas, which stimulated the fungi-to-bacteria ratio in 

grazed plots, where microbial exo-enzyme activity and decomposition were also slowed 

down through changes in sediment redox chemistry. The isotopic N-signal shows a less clear 

relationship with plant types, and potential links to  grazing, but a clear effect of location 

likely caused by different contribution of nitrogen from the surroundings. 

While our results indicate a neutral-positive effect of grazing on C-sequestration, this is not 

ubiquitous. A global meta-analysis found no effect of grazing on the SOC content in 

European salt marshes, while SOC stocks in the North American salt marshes were affected 

negatively by grazing (Davidson et al. 2017) and C-density was lower at grazed than 

ungrazed sites in the Danish Wadden Sea (Morris & Jensen, 1998). A recent global review of 

consumer effects on salt marsh sediments (and a few mangrove sediments) also found a wide 

variability of grazer effects with overall lower stocks of organic matter in plots where 

consumers were present (Moore et al. 2020). A large-scale study across the UK found no 

clear relation between livestock grazing and  C-stocks and therefore did not include grazing 

in their large-scale prediction of salt marsh C-stocks (Ford et al. 2019). Also, no overall 

relationship between grazing intensity and C-density was identified across depths or 

vegetation zones of 22 UK salt marshes distributed along 650 km coastline where grazing had 

occurred for at least 30 years (Harvey et al. 2019). The timespan of grazing may contribute to 
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explaining diverging effects of grazing on C-storage (Tanentzap and Coomes 2012; Harvey et 

al. 2019), because  time to respond to herbivory reduces the likelihood of grazing affecting 

the C-stocks (Tanentzap and Coomes 2012). Given the widespread nature of grazing as a 

management practice in marshes, its effect on C cycling and sequestration warrants further 

attention.  

 

Management of salt marshes to buffer climate change 

Our study indicates that grazing, a main salt marsh management practice in Denmark and the 

Baltic/Nordic region, has a neutral to positive effect on salt marsh C-stocks, and, hence, that 

current management of salt marshes to increase biodiversity by grazing livestock is not 

detrimental to the C-sequestration capacity of the marshes (Figure 7). However, even though 

the stock of SOC may be larger in the grazed salt marshes it would also be important to 

evaluate the contribution of GHG emissions including CO2 and methane from the sediment 

and the livestock,  which affect the net GHG-sequestration capacity of the marsh. The aspect 

of lifestock GHG emission is particularly relevant if livestock is held for the sole purpose of 

acting as grazers but less so if existing livestock are just moved from the stables to the salt 

marsh and in any case would emit GHG. In order for salt marshes to contribute to climate 

change mitigation, management must ensure an increase in their net carbon sink and 

sequestration over time. This can be achieved through an increased areal extent, enhanced 

vertical accretion of the sediment floor and/or increased primary production (Mcleod et al., 

2011). Where the main focus in salt marsh management has been to increase plant 

biodiversity, increased attention should be directed on how to protect, maintain and restore 

salt marshes having a high sequestration capacity or the potential for such (Macreadie et al., 

2017; Nellemann et al., 2009). Also, given that existing saltmarshes represent C-

accumulation over many decades or even centuries,  it is imperative to protect these against 
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anthropogenic pressures such as habitat degradation  through altered land use. In addition, 

efforts are needed to restore former salt marshes to create negative emission ecosystems 

(Macreadie et al., 2017).  Based on the quantified C-stock and CAR and the areal extent of 

Danish salt marshes (41,039 ha assessed by the national monitoring program, (Fredshavn et 

al. 2019), we can provide a rough first-order estimate for the current C-stock (upper 43 cm) 

of Danish salt marshes at 1.7 – 3.4 Tg C and an annual burial rate of carbon at 7-18.5 kt C yr-

1. 

The survival of salt marshes in the face of sea level rise depends on the ability of the 

vegetation to respond to increased frequency and durations of flooding, the marshes’ ability 

to raise the sediment floor and their ability to migrate landwards (Bakker et al. 1993; Doody 

2004; Andersen et al. 2011; Clausen et al. 2013). Across Denmark the sea level has been 

measured at 14 stations for the past ~100 years. When taking the uplift of the Nordic region 

into account, the average sea level rise during the past century is in the interval of -0.2 to +2.1 

mm per year depending on location (Hansen 2018). The SAR measured in this study (0.82-

1.52 mm yr-1) indicate that the Danish salt marshes, depending on geographical location, are 

at risk of not being able to keep track with sea level rise. The Danish landscape is highly 

dominated by agriculture and if the agricultural land is maintained, 15–44% of existing salt 

marshes are at risk of being flooded within this century due to rising sea levels (Clausen et 

al., 2013). This places the salt marshes at great risk of decline if proper management is not 

applied. As salt marsh vegetation, especially stiff and tall, decreases hydrodynamic energy 

(Möller et al., 1999), even under storm surges (Möller et al., 2014), their coastal defense 

capacity should also be taken into consideration in management of the marshes.   

In conclusion, our results indicate that grazing, the main current management practice for 

Baltic/Nordic salt marshes, exerts a neutral to positive effect on C-sequestration. These 

findings are important for guiding holistic management of salt marshes and are summarised 
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in a conceptual model. On this basis we also highlight the need to explore the overall C-foot 

print including GHG-fluxes of current management practices and to consider associated 

effects on the coastal defense capacity of the marshes in addition to the current focus on 

biodiversity in order to maximize  salt marsh management as a nature-based solution to both 

climate change and biodiversity challenges. 
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Tables 

 

Table 1: Average ± SE of Vegetation Height (VH), Aboveground-Biomass with Detritus (AB+D), Aboveground-Biomass 

without Detritus (AB-D), Belowground Biomass (BB) and Root/Shoot ratio calculated as Belowground (BB) to Aboveground 

(AB-D) ratio. Each site was represented by three replicate samples for vegetation height and aboveground biomass and one 

sample for belowground biomass. 

Location VH (cm) AB+D (g dw m-2) AB-D (g dw m-2) BB (g dw m-2) Root / Shoot 

Horsens grazed 15±3 661±115 625±130 14871 24 

Randers grazed 10±0 388±104 308±88 12504 41 

Mariager grazed 13±3 412±58 374±64 3338 9 

Horsens non-grazed 80±6 1492±189 1366±75 7781 6 

Randers non-grazed 112±12 1244±215 1030±190 7139 7 

Mariager non-grazed 103±35 1279±736 1240±697 6720 5 
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Table 2: Average ± SE of Compression of Sediment (COM) and weighted average core values ± SE down to 43 cm for  Bulk Density (BD), Water Content in the sediment (WC), 

Organic Matter (OM), Sediment Organic Carbon (SOC), Sediment Carbon-Density (SCD), ratio between Carbon and Nitrogen (C/N), Coarse Sand (CS), Fine and Medium Sand 

(FMS) and Silt and Clay (SiCl). Each site was represented by three replicate sediment cores.  

Location COM (%) BD (g cm-3) WC (%) OM (%) SOC (%) SCD (g C cm-3) C/N CS (%) FMS (%) SiCl (%) 

Horsens grazed 19±2 0.74±0.04 34.0 ± 2.5  11.3±2.0 2.6±1.3 0.019±0.002 17.4±1.5 18.5 59.4 22.1 

Randers grazed 4.0±2 1.06±0.02 27.1±1.2 7.7±1.1 1.4±0.3 0.014±0.002 14.4±2.7 15.9 77.8 6.3 

Mariager grazed 13±5 1.03±0.03 26.5±1.2 10.9±0.7 2.1±0.2 0.022±0.001 12.4±0.5 16.1 71.5 12.4 

Horsens non-grazed 27±2 0.99±0.04 28.3±1.6 8.2±0.7 1.5±0.4 0.016±0.002 19.6±2.1 17.2 63.8 19.0 

Randers non-grazed 3.0±2 1.10±0.04 24.6±1.9 5.6±0.8 1.1±0.2 0.012±0.002 14.0±0.8 12.0 82.4 5.6 

Mariager non-grazed 9.0±0.1 1.16±0.02 20.7±0.6 6.0±0.6 0.92±0.2 0.011±0.002 16.5±0.7 21.7 75.8 2.5 
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Table 3: Average ± SE for Sediment Organic Carbon stock (SOC), Belowground biomass organic 

Carbon stock (BC), Long-term preserved organic Carbon (LC) and percentage of Sediment organic 

Carbon that is made up of Long-term Carbon (SCLC). All calculated for the top 43 cm. Each site 

was represented by three replicate sediment core samples and one belowground biomass sample.  

Location SOC (g C m-2) BC (g C m-2) LC (g C m-2) SCLC (%) 

Horsens grazed 6878±2804 6522 1602 23 

Randers grazed 6052±3539 3750 4093 68 

Mariager grazed 8178±2403 917 - - 

Horsens non-grazed 4991±1863 3197 1371 27 

Randers non-grazed 5625±3477 2660 3407 61 

Mariager non-grazed 4228±2748 2710 - - 
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Table 4: Average ± SE for sediment mass accumulation rates (MAR), sediment accumulation 

rates (SAR) and organic carbon accumulation rates (CAR) in grazed and non-grazed locations. 

CAR values for each location are stated based on the MAR CF:CS model. Excess 210Pb is 

quantified over the depth of that section. One core per site was analysed for 210Pb for dating 

purposes. Randers non-grazed, Mariager grazed (MG) and non-grazed (MNG) had too intense 

sediment mixing to be dated (see Figure 5), but MAR and CAR values for these locations were 

estimated based on average values for the dated locations (indicated by *). 

Location MAR 

(g cm-2 yr-1) 

SAR 

(mm yr-1) 

CAR 

(g C m-2 yr-1) 

Excess 210Pb 

(g cm-2) 

Max depth of 

excess 210Pb   

(cm) 

Horsens grazed 0.067±0.003 1.52±0.08 45±2 11.2 30 

Randers grazed 0.074±0.005 0.82±0.06 17±1 11.9 14 

Mariager grazed* 0.070* - 9.1* - - 

Horsens non-grazed 1.20± 0.08 1.20±0.08 29±2 11.1 25 

Randers non-grazed* 0.070*  15.3* - - 

Mariager non-grazed* 0.070* - 5.6* - - 
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Figure legends 

Figure 1: Map showing the salt marsh distribution in Denmark based on habitat types 1310, 

1320 and 1330 (green) and the three geographical locations (black dots). Each salt marsh is 

shown from above (orthophoto 2018) and the grazed and non-grazed site is marked on each 

location. 

Figure 2: Vegetation height (a), aboveground- and belowground biomass (b), sediment Corg 

stock (c) and sediment Corg sequestration rate (d) in grazed and non-grazed areas. Data 

represent average ±SE of all three paired grazed/non-grazed locations (Horsens, Randers and 

Mariager). The belowground biomass and Corg stocks represent the upper ~43 cm of the core 

samples. Significant differences between grazed and non-grazed plots were identified for 

vegetation height and aboveground biomass but not for belowground biomass, sediment C-

stock or C-sequestration rate (the latter having no replicate information).  

Figure 3: The distribution of grain sizes (%) in sediment cores in the grazed and non-grazed 

areas at Horsens-, Randers- and Mariager Fjord. Grey indicates coarse sand (>500 µm), pale 

red indicates fine- and medium sand (50-500 µm) and deep orange indicates silt and clay 

(<50µm).  

Figure 4: Sediment organic C-density vs. sediment depth from three replicate cores taken in 

grazed and non-grazed marshes in Horsens-, Randers- and Mariager Fjord. Error bars 

represent standard error of  the three replicates , whereas data points without error bars 

represent pooled samples. The fitted curves comes from the statistical analyses (Table S4). In 

the three cases where dating was possible, the panels  show the depth where the sediment is 

around 100 years old. The remaining sites could not be dated for reasons indicated in the text 

and no age mark is therefore illustrated.  
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Figure 5: Concentration profiles of excess 210Pb vs. sediment depth in sediment cores taken 

from grazed and non-grazed marshes in Horsens-, Randers- and Mariager Fjord (one core 

from each site). 

 

Figure 6: Boxplots showing the δ13C  signal from the upper 10 cm of three replicate cores 

taken in grazed (left) and non-grazed (right) marshes in Horsens-, Randers- and Mariager 

Fjord, as well as from potential sources of Corg.  

 

Figure 7. Conceptual illustration of the main findings in terms of vegetation height, standing 

biomass and density and sequestration of Corg in grazed and non-grazed salt marshes. CO2 

uptake by the vegetation is indicated and so are potential greenhouse gas fluxes from the 

marsh as well as the livestock with a question mark indicating that this is a knowledge gap. 
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