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Abstract 

Biofilm communities on intertidal mudflats are recognized as major producers of nutrients, especially fatty acids. 
The rising threats posed by both climatic and anthropogenic stressors increase the necessity of understanding and 
conserving these communities. Shorebirds provide a proxy for studying the complex ecology of biofilm communi-
ties because of their heavy reliance on fatty acids from diatomaceous biofilm for successful long-distance migration. 
Herein, we review biofilm feeding patterns by migratory shorebirds, experimental design considerations for sampling 
and studying the fatty acid content of biofilm, and the literature describing established and emerging analytical 
methodology. Techniques for fatty acid analysis include the commonly employed gas chromatography–flame ioniza-
tion detection (GC/FID) and gas chromatography–mass spectrometry (GC/MS) with derivatization. Liquid chroma-
tography–mass spectrometry (LC/MS) and liquid chromatography–quadrupole time of flight (LC/QTOF) are newly 
emerging techniques that enable derivatization to be eliminated. In addition, Fourier transform infrared spectroscopy 
(FT/IR), a common instrument in chemistry laboratories, has applications in fatty acid research, specifically for screen-
ing. Using a combination of sampling and analytical methods is necessary for improved understanding of intertidal 
biofilm, both as a source of essential fatty acids in aquatic systems and a critical food for shorebirds.
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Background
Reduced fatty acid production by diatoms in aquatic 
systems worldwide has emerged as an overarching issue 
exacerbated by global climate change, with major rami-
fications to both terrestrial systems and human health 
(Hixson and Arts 2016; Colombo et  al. 2017). Con-
comitantly, threats to diatomaceous biofilm on inter-
tidal mudflats from climate change and anthropogenic 
stressors are raising new conservation concerns related 

to shorebirds (Beninger 2018). Worldwide declines in the 
abundance of most migratory shorebird species (Clem-
ens et al. 2016; Studds et al. 2017; Rosenberg et al. 2019; 
Canham et al. 2021) have occurred in tandem with aver-
age losses to their intertidal flat habitats at 16% of their 
total area between 1984 and 2016 (Murray et  al. 2019). 
Mudflat habitats have long been known to provide 
wide-ranging ecosystem services that support fish and 
wildlife (Beninger 2018) but have assumed even more 
importance in recent years with the discovery that many 
shorebird species consume intertidal biofilm rich in fatty 
acids produced by diatoms to support their long-distance 
migration (Schnurr et  al. 2019, 2020). Analysis of fatty 
acids from intertidal biofilm provides critical informa-
tion on the value of mudflats as habitats for birds, as well 
as autecological insights into the microbial communi-
ties that compose intertidal biofilm (Schnurr et al. 2020; 
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Passarelli et al. 2014). However, techniques for sampling 
biofilm and assessing the fatty acid content have yet to be 
fully evaluated or standardized and this will form part of 
this study’s discussion.

The role of biofilm as a food source for shorebirds 
appears closely linked to both the physical properties of 
biofilm itself and the chemistry of diatom-mediated fatty 
acid production. However, as biofilm is highly labile and 
logistically challenging to collect, experiments based on 
biofilm sampling from mudflats need to consider a com-
plex array of spatial–temporal factors, as well as issues 
including fatty acid sample degradation, and dewatering. 
For analysis of the samples, an array of techniques exists, 
including gas chromatography–flame ionization detec-
tion (GC/FID) with derivatization (Alfaro et  al. 2006; 
Quinn et al. 2017; Schnurr et al. 2019, 2020), gas chroma-
tography–mass spectrometry (GC/MS) with derivatiza-
tion (Dahl et al. 2000, 2003; Bergamino et al. 2014), liquid 
chromatography–mass spectrometry (LC/MS) (Schlot-
terbeck et  al. 2018; Pérez-Navarro et  al. 2019), liquid 
chromatography–quadrupole time of flight (LC/QTOF) 
(Nguyen et al. 2015; Molina-Calle et al. 2017), and Fourier 
transform infrared spectroscopy (FT/IR) (Karunathilaka 
et al. 2017; Aryee et al. 2009; Gieroba et al. 2020). Each 
technique has a different practicality and suitability for 
analysing complex mixtures of fatty acids. Furthermore, 
previously established methods in soil science (Buyer 
and Sasser 2012) and naphthenic acid analysis (Hao et al. 
2005; Shang et al. 2013; Brunswick et al. 2015, 2016, 2017; 
Bowman et al. 2019) may offer new options with crosso-
ver to fatty acid analysis.

The purpose of this review is to evaluate experimen-
tal design considerations for sampling and analysing the 
fatty acid content of biofilm. In order to do so, informa-
tion on the ecology of intertidal biofilm and the emerg-
ing literature on biofilm use by migratory shorebirds was 
collated to identify the challenges to understanding such 
an extremely complex medium. Based on the context, 
we provide initial guidance for assessing diatom-medi-
ated fatty acids in intertidal biofilm and underscore the 
urgency for further research into this new conservation 
priority.

What is biofilm?
Microphytobenthos assemblages on intertidal mudflats 
are primarily composed of microalgae, heterotrophic 
bacteria, and cyanobacteria, and are frequently domi-
nated by photosynthetic diatoms (Passarelli et  al. 2014). 
These diatoms, together with other microorganisms, 
secrete a matrix of extracellular polymeric substances 
(EPS) composed of polysaccharides and proteins, which 
form biofilms or mats at the surface of the mud. The 
matrix cover binds the microorganism community onto 

the sediment, while also adding protection from harsh 
environmental conditions (Hope et al. 2020). Due to the 
photosynthetic properties of diatoms and the limited 
depth of sunlight exposure, biofilm is most abundant in 
the top 0.5–3  mm of sediment (Macintyre et  al. 1996). 
The biofilm appears either almost colorless or with a 
green–brown hue, and has a consistency ranging from 
a low-viscosity slime to a tightly packed gel (Hope et al. 
2020; Decho 2000). Microphytobenthic biofilm is a fun-
damental base to primary production of estuarine eco-
systems (Decho 2000). Epibenthic grazers and deposit 
feeders have a direct dependence on biofilm, which 
contributes to energy and fatty acid transfer into higher 
trophic organisms (Herman et al. 2000). Primary produc-
tion from biofilm is dependent on various environmental 
conditions, including temperature, salinity, tidal dynam-
ics, light, and nutrients (Underwood and Kromkamp 
1999) but, overall, biofilm is estimated to be responsible 
for approximately 50% of carbon fixation in estuaries 
(Underwood and Kromkamp 1999). Biofilm also plays a 
mechanical role in sediment stabilization and protection 
against scouring by tides and currents (Decho 2000). In 
the presence of biofilm, the critical erosion threshold of 
sediments was reported to increase threefold due to the 
excretion of mucus-like EPS from microorganisms such 
as diatoms (De Deckere et al. 2001).

Intertidal biofilm is an important food source for 
migratory shorebirds. Elner et al. (2005) established that 
western sandpipers (Calidris mauri) and dunlin (Calid-
ris alpina) graze biofilm at a major stopover site on the 
Fraser River estuary, British Columbia, Canada, on their 
northward journey from Central and South America to 
Alaska for breeding. Their findings used scanning elec-
tron microscopy to show that the tongues of such birds 
had bristle-like structures capable of scraping biofilm 
from the sediment surface. The initial discovery fostered 
new research on the dynamics and ecology of shorebird 
feeding on biofilm (Beninger and Elner 2020). Kuwae 
et  al. (2008) investigated western sandpiper grazing 
using a combination of stable isotope, video recording, 
and stomach content analysis techniques, and estimated 
that 45–59% of their diet consisted of biofilm. Subse-
quently, many other species of shorebirds in tidal flats 
around the world have been shown to graze biofilm, 
including the semipalmated sandpiper (Calidris pusilla) 
and red-necked stint (Calidris ruficollis) (Beninger and 
Elner 2020; Quinn and Hamilton 2012). The underlying 
rationale for the birds’ novel food choice may be partly 
explained by the fact that diatoms in biofilm produce 
large quantities of lipids and fatty acids (Scholz and 
Liebezeit 2013; Stonik and Stonik 2015; Mathot et  al. 
2018), essential nutrients that are not as readily available 
in their invertebrate prey. Moreover, the consumption 
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of biofilm has been shown to physiologically enhance 
muscle performance for long distance flight, as well 
as provide other benefits for successful migration and 
reproduction (Jenni and Jenni-Eiermann 1998; Price 
2010; Guglielmo 2010).

The abundance of diatoms in biofilm is responsible for 
its high fatty acid content (Passarelli et  al. 2014; Scholz 
and Liebezeit 2013; Stonik and Stonik 2015; Mathot et al. 
2018). Fatty acids are organic molecules with a structural 
formula of CH3(CH2)nCOOH, characterized by a carbox-
ylic acid group and an aliphatic chain of varying length. 
The aliphatic chain may be saturated, termed saturated 
fatty acids (SFA), or unsaturated with one or more dou-
ble bonds, designated monounsaturated fatty acids 
(MUFA) and polyunsaturated fatty acids (PUFA), respec-
tively (Fig.  1). The content profiles of biofilm lipid and 
fatty acids are not consistent across a mudflat. Chang-
ing environmental conditions affect biofilm composition 
and productivity, consequently altering fatty acid pro-
duction in diatoms (Schnurr et al. 2019, 2020; Passarelli 
et  al. 2014; Scholz and Liebezeit 2013). Factors such as 
temperature, light, season, pH, salinity, and tidal cycles 
all affect diatom growth, and, thus, the concentration of 
fatty acids in biofilm (Schnurr et al. 2019, 2020; Hu et al. 

2008; Li et  al. 2014; Hu and Gao 2006; Venkata Mohan 
and Devi 2014; Sharma et al. 2012). When conditions for 
growth are favorable, diatoms produce membrane glyc-
erolipids, which primarily consist of PUFAs that play 
structural roles (Hu et al. 2008). In contrast, under envi-
ronmental stress when diatom growth is unfavorable, 
there is a higher production of SFAs and MUFAs which 
contribute to storage lipids such as triacylglycerol (TAG) 
(Li et al. 2014).

What can the study of fatty acids reveal?
Temporally changing mudflat conditions result in fluc-
tuating lipid and fatty acid profiles (Schnurr et al. 2019, 
2020; Quinn and Hamilton 2012). This affects the organ-
isms that thrive and forage in estuaries, such as migra-
tory shorebirds. As noted previously, different fatty acids 
accumulate in biofilm depending on environmental 
conditions (Schnurr et al. 2019, 2020; Hu et al. 2008; Li 
et al. 2014; Hu and Gao 2006; Venkata Mohan and Devi 
2014; Sharma et al. 2012). As the type of fatty acids pre-
sent in biofilm help determine its nutritional quality, not 
all intertidal biofilm is equal. The benefits that specific 
fatty acids have for shorebirds are extensive, with SFAs, 
MUFAs, and PUFAs all contributing in different ways 

Fig. 1  Examples of saturated, monounsaturated, and polyunsaturated fatty acids found in intertidal biofilm (Schnurr et al. 2019, 2020)
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(Jenni and Jenni-Eiermann 1998; Price 2010; Guglielmo 
2010). Both SFAs and MUFAs comprise a major portion 
of the energy requirements of migratory birds during 
long-distance flight. PUFAs, particularly omega-3 (n-3), 
and omega-6 (n-6) fatty acids, are critical as birds are 
not able to synthesize these de novo (Stevens 1996) and 
they have physiological benefits for migration, includ-
ing increased flight muscle performance and recovery 
(Price 2010; Guglielmo 2010; Arts et al. 2001; Maillet and 
Weber 2006). The n-3 fatty acids, eicosapentaenoic acid 
(EPA), and docosahexaenoic acid (DHA) are all essential 
nutrients for both birds and other organisms (Maillet and 
Weber 2007).

Recent studies have linked seasonal changes in fatty 
acid content of intertidal biofilm to shorebird presence 
at their migratory stopover site in the Fraser River estu-
ary, such that the period of highest fatty acid abundance 
aligns with western sandpiper arrival en masse during 
their northward spring migration (Schnurr et  al. 2019, 
2020). Similarly, during their southward migration via 
the upper Bay of Fundy (New Brunswick, Canada), stag-
ing semipalmated sandpipers were shown to ingest more 
biofilm in areas of the mudflats where PUFAs were most 
abundant (Quinn et  al. 2017). While the fundamental 
importance of fatty acids to the health of aquatic systems 
is well established (Maillet and Weber 2007), targeted 
multidisciplinary research is needed to test the various 
hypotheses on the nutritional properties of biofilm and 
the effect that its different fatty acid compositions have 
on avian migratory performance (Schnurr et  al. 2019; 
Price 2010).

The use of fatty acids as biomarkers has broad appli-
cations in benthic ecosystems. Although not a perfect 
trophic marker, they can provide useful qualitative infor-
mation (Schnurr et al. 2020; Dalsgaard et al. 2003; Kelly 
and Scheibling 2012). The fatty acid profile of mudflat 
biofilm can provide insight into its microorganism com-
munity composition. However, fluctuations in diatom 
growth conditions that result in changes in fatty acid 
content and the fact that multiple estuarine invertebrates 
may contain the same fatty acids are considered compli-
cations to using fatty acids as biomarkers (Dalsgaard et al. 
2003; Kelly and Scheibling 2012). Schnurr et  al. (2020) 
studied seasonal changes in the ratios of specific fatty 
acids compared to the total fatty acid concentrations for 
particular microorganism groups as chemotaxonomic 
biomarkers in the Fraser River estuary. They observed 
community compositional changes in fatty acid biomark-
ers for bacteria (odd-chain length fatty acids), cyano-
bacteria (18:2n-6), dinoflagellates (22:6n-3 and 18:1n-9), 
and diatoms (16:1n-7 and 20:5n-3). Further, from spring 
to summer, diatom abundance in the intertidal bio-
film decreased, while the abundance of cyanobacteria, 

bacteria, and dinoflagellates increased. Thus, the avail-
ability of diatoms appears correlated with the seasonal 
abundance of shorebirds and may help explain why their 
southward summer migration through the Fraser River 
estuary is protracted and dissipated relative to the con-
centrated spring migration (Schnurr et al. 2020).

Fatty acid biomarkers have been used extensively for 
studying a range of consumer and food web relation-
ships (Dalsgaard et  al. 2003; Kelly and Scheibling 2012; 
Dahl et al. 2003; Alfaro et al. 2006; Van Der Heijden et al. 
2019). Dahl et al. (2003) discerned food chain linkages by 
studying the fatty acid profiles in muscle tissues of three 
bird species: common eider (Somateria mollissima), 
black-legged kittiwake (Rissa tridactyla), and northern 
fulmar (Fulmarus glacialis). From the fatty acid com-
position, they found that, of the three species, the com-
mon eider had the lowest trophic level and the strongest 
relationship with the benthic food chain. The northern 
fulmar was found to have the highest trophic level, fol-
lowed by the black-legged kittiwake, with both of these 
species associated with the pelagic food chain. Alfaro 
et al. (2006) investigated the use of fatty acid biomarkers 
and stable isotope analysis to study estuarial food webs 
in northern New Zealand. Information on the preferred 
food sources of various organisms including fish, filter 
feeding invertebrates, and shrimp was found using fatty 
acid biomarkers. Using this method, they also found that 
higher consumers have a mixed diet consisting of a wide 
variety of prey from different trophic linkages (Alfaro 
et al. 2006). When used in tandem with other methods, 
such as stable isotope analysis and compound specific 
isotope analysis, fatty acid biomarkers become even more 
powerful tools for studying consumer-resource systems 
and community composition (Dalsgaard et al. 2003; Kelly 
and Scheibling 2012; Alfaro et al. 2006; Van Der Heijden 
et al. 2019).

What experimental conditions and designs should 
be considered?
When designing experiments for studying the rela-
tionship between fatty acids, biofilm, and ecosystems, 
researchers must take spatial and temporal variability 
into account. On intertidal mudflats, the composition 
of biofilm varies spatially between different areas and 
temporally throughout the year (Bergamino et al. 2014). 
Frankenbach et  al. (2020) studied the primary produc-
tivity of microphytobenthos in the Ria de Aveiro Estu-
ary, Portugal, and placed an emphasis on characterizing 
the local variability. To study spatial variability, samples 
were collected in areas with differing sediment grain size, 
salinity, hydrodynamics, and distances to the mouth of 
the estuary. To study temporal variability, samples were 
taken each hour, fortnight, and season. Including these 
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spatial and temporal variables in the study allowed them 
to acquire detailed data on photosynthetic productivity, 
enabling accurate estuary carbon-fixation estimates. Sim-
ilarly, Bergamino et al. (2014) examined spatial and tem-
poral changes in organic material and sediments in the 
Kowie Estuary, South Africa. Sampling took place in each 
of the four seasons and were collected in three areas of 
the estuary with different marine influences. Using both 
fatty acid and stable isotope analyses, the organic com-
positions were found to vary spatially and temporally. 
While adopting a spatial and temporal approach to estu-
arial research is time-consuming and complex, it should 
be explicitly considered as it provides deeper insight into 
ecosystem dynamics (Bergamino et  al. 2014; Franken-
bach et al. 2020).

Biofilm contamination and degradation are unavoid-
able factors that must also be carefully considered. Quinn 
et al. (2017) noted that sediment contamination is ines-
capable in biofilm samples collected in the field and that 
the presence of sediment can alter the measured fatty 
acid content. In Schnurr et al. (2019), while invertebrates 
larger than 0.5 mm were removed from biofilm samples 
before analyses, meiofaunal invertebrates smaller than 
0.5 mm remained. As a result, a small portion of the total 
fatty acids and biomass measured could be attributed 
to meiofauna. The degradation of fatty acid samples can 
also corrupt targeted organic compounds unless samples 
are frozen promptly after collection (Rudy et  al. 2016). 
Degradation can occur through hydrolysis of samples by 
lipases present in aqueous conditions and through other 
chemical reactions such as oxidation. Both processes 
result in changes to the total fatty acid content, poten-
tially compromising the integrity of a study. To avoid this, 
if immediate analysis is not available, samples should ide-
ally be stored at − 80 °C following collection (Rudy et al. 
2016; Metherel et  al. 2013; Sasaki and Capuzzo 1984). 
The low temperature reduces deterioration of the fatty 
acids present in the samples.

Other sediment effects, such as compaction and dewa-
tering, can change how algal biomass data is processed 
and interpreted. A study in the Eden Estuary, Scotland 
(Perkins et al. 2003) investigated the effects of sediment 
compaction and dewatering on algal biomass data. The 
results differed based on whether the algal biomass data 

(expressed as chlorophyll a and EPS) was presented as 
a concentration (µg Chl a per mg dry weight sediment) 
or as content (µg Chl a per cm2 sediment). A theoretical 
model was used to predict the effects that these sediment 
transformations had on Chl a and EPS values over the 
course of a 6-h tidal emersion period. The predicted algal 
biomass values from the theoretical model were then 
compared to experimentally obtained Chl a and EPS val-
ues for diel and seasonal emersion periods. The predicted 
biomass Chl a values expressed in units of concentra-
tion and content showed opposing trends in the face of 
dewatering effects (Table 1). These findings highlight the 
importance of correcting for dewatering effects in sedi-
ment data and understanding the implications of express-
ing algal biomass as either concentration or content.

What analytical techniques are available for fatty 
acid analysis?
Gas chromatography
Gas chromatography (GC) based methods are cost effec-
tive, robust, and commonly employed to identify and 
quantify fatty acids (Fisk et al. 2014). While these aspects 
make GC a widely accepted technique, due to the low 
volatility of targeted fatty acids, extensive sample prepa-
ration and derivatization is often required (Fisk et  al. 
2014; Drozd 1975). Sample preparation for fatty acids 
frequently involves a lipid extraction method, such as the 
Folch Method (Folch et  al. 1957). Another well-known 
lipid extraction method is the Bligh and Dyer method 
(Bligh and Dyer 1959), which, along with the Folch 
method, have many published modifications involving 
different solvents and solvent ratios (Kumar et  al. 2015; 
Ren et al. 2017). The optimal choice of extraction method 
depends on the lipid chemical behavior and the nature 
of the sample matrix, as well as the researcher’s specific 
recovery goals and time frame (Kumar et al. 2015; Work 
and Work 1972; Ulmer et  al. 2018). Extraction prefer-
entially also includes an internal standard that displays 
similar behaviour to the analyte, in order to give an indi-
cation of fatty acid recovery. Deuterated fatty acids and 
odd-numbered long chain fatty acids such as tridecanoic, 
heptadecanoic, and nonadecanoic acids have previously 
been used as internal standards (Quehenberger et  al. 
2011; Reich et al. 2012; Politz et al. 2013).

Table 1  Effects of compaction on biomass data expressed as a concentration or content (Perkins et al. 2003)

*Chl a refers to chlorophyll a, a proxy for algal biomass that can be expressed as either a concentration or a content

Concentration (µg Chl a per mg dry weight sediment) Content (µg Chl a per cm2 sediment)

Effect of compaction Enrichment from deeper sediment levels increases dry 
bulk density

Increase in dry bulk density is offset by 
inclusion of deeper, less productive 
layers

Trend seen in results Increase in Chl a* concentration Decrease in Chl a* content
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Extracted fatty acids are frequently analysed by both 
GC/FID and GC/MS (Tang and Row 2013). GC/FID 
does not generally require prior derivatization of the fatty 
acids before column separation and FID detection. FID 
detection applies a destructive air–hydrogen flame with 
the electric current from this combustion being meas-
ured by a detector. The drawbacks of FID detection are 
that all peaks are determined by current response rather 
than accurate mass, as is the case by a mass spectrom-
eter-based method. For fatty acids analysis, GC/MS in 
positive electron ionization mode (EI+) is more sensi-
tive than GC/FID, has better specificity, and provides 
more compound structural information. By GC/MS, 
compounds are separated on a GC capillary column, 
with eluting analytes ionized by electron bombardment, 
resulting in fragmentation ions that are detected by their 
mass to charge ratios. However, to be amenable to GC/
MS EI+ detection, fatty acids require derivatization (Fisk 
et  al. 2014). Derivatization involves the replacement 
of a fatty acid functional group in order to increase the 
volatility of the analyte (Fisk et al. 2014; Drozd 1975). A 
commonly used derivatization method for fatty acids 
involves methylation with reagents such as boron trif-
luoride (BF3) and methanol to create fatty acid methyl 
esters (FAME), which possess volatilities sufficient for 
GC analysis (Topolewska et  al. 2015). Other less com-
mon derivatization methods used for analysis of fatty 
acids include silylation to generate trimethylsilyl (TMSi) 
esters, as well as the production of tert-butyldimethylsilyl 
(TBDMSi) derivatives (Woo and Kim 1999; Moon et al. 
2018). The choice of derivatization method generally 
depends upon the demonstrated stability of the prod-
uct analyte and can be dependent upon the matrix. Each 

derivatization method has benefits as well as drawbacks; 
for example, the synthesis of FAME derivatives using BF3 
and methanol have been found to have a lower reaction 
yield compared to the production of TBDMSi derivatives 
by silylation using N-tert-butyldimethylsilyl-N-methyltri-
fluoroacetamide (MTBSTFA) as a reagent (Topolewska 
et  al. 2015). Additionally, TBDMSi derivatives have 
higher hydrolytic stability compared to TMSi derivatives, 
which can easily hydrolyse when exposed to water (Woo 
and Kim 1999). Several previously mentioned papers 
employed GC, as well as the FAME method of derivati-
zation, including Schnurr et al. (2019, 2020), Quinn et al. 
(2017), Dahl et  al. (2003), Alfaro et  al. (2006), and Ber-
gamino et  al. (2014). A summary of the advantages and 
disadvantages of GC/FID and GC/MS, as well as other 
analytical techniques discussed in following sections, is 
provided in Table  2. In addition to the previously men-
tioned techniques, the use of comprehensive two-dimen-
sional gas chromatography (GC × GC) has been reported 
for the analysis of algal fatty acids (Akoto et al. 2008; Gu 
et al. 2011). This technique has been found to have lower 
detection limits and improved separation, as compared 
to traditional GC analysis (Akoto et  al. 2008; De Geus 
et al. 2001).

GC methods are well established in soil science, in 
which the use of phospholipid fatty acids (PLFAs) as 
biomarkers has been gaining popularity since the 1990s 
(Frostegård et  al. 2011). Mudflats and terrestrial soils 
have many similarities and involve the study of microor-
ganisms living in complex substrates. Likely, PLFAs could 
be adapted for studying intertidal biofilm. Buyer and 
Sasser (2012) used a high throughput GC sample prepa-
ration method for soil analysis that could potentially be 

Table 2  Advantages and disadvantages of various analytical methods for fatty acid analysis

FA fatty acid

Method Advantages Disadvantages

Gas chromatography flame–ionization detection (GC/FID) 
(Tang and Row 2013; Fisk et al. 2014; Schnurr et al. 2019, 
2020)

Established for mudflat FA analysis
Cost-effective

Extensive sample prep and derivatization
Destructive
Insensitive
Low specificity
Does not provide structural information

Gas chromatography mass spectrometry (GC/MS) (Tang 
and Row 2013; Fisk et al. 2014; Bergamino et al. 2014)

Established for mudflat FA analysis
Provides structural information

Extensive sample prep and derivatization required

Liquid chromatography mass spectrometry (LC/MS) (Brondz 
2002; Schlotterbeck et al. 2018)

Limited sample preparation required
Provides structural information
Sensitive

Less established in mudflat FA analysis
Expensive

Liquid chromatography quadrupole time-of-flight (LC/
QTOF) (Molina-Calle et al. 2017; Schlotterbeck et al. 2018)

Limited sample preparation
Provides structural information
High resolution
High mass accuracy

Less established in mudflat FA analysis
Expensive

Fourier transform infrared (FT/IR) spectroscopy 
(Karunathilaka et al. 2017; Aryee et al. 2009; Gieroba et al. 
2020)

Rapid
Non-destructive

Spectra can be distorted by water
Provides limited data compared to other methods
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applied to biofilm. Their method described the prepara-
tion of ninety-six samples, as well as blanks, in only a day 
and a half. The previously mentioned Bligh–Dyer lipid 
extraction (Bligh and Dyer 1959) was used, as well as a 
solid phase extraction. Such an efficient method could 
reduce the extensive preparation time when prepar-
ing biofilm samples for GC analysis. Due to similarities 
between fatty acids and naphthenic acids, it is likely that 
the two will behave in comparable ways when analyzed in 
the laboratory. Therefore, additional potential procedures 
based on this association need to be reviewed. Fatty acids 
and naphthenic acids are very similar chemical spe-
cies, both containing a carboxylic acid with an aliphatic 
chain (Table 3) (Shang et  al. 2013). The main difference 
between the two is the presence of saturated ring struc-
tures, such as cyclohexyl and cyclopentyl, on naphthenic 
acids. These descriptions encompass the classic defini-
tion of naphthenic acids, which can be described with 
the formula CnH2n+zO2 (Shang et  al. 2013). The “z” in 
this formula is either zero, or an even, negative integer, 
which represents the hydrogen deficiency. It is expected 
that established methods from naphthenic acid stud-
ies could be applied to fatty acids in the future, reducing 
the time required for planning and designing an experi-
ment. Comprehensive two-dimensional gas chroma-
tography time-of-flight mass spectrometry (GC × GC/
TOFMS) has been used for naphthenic acid mixture 
characterization along with the use of mass deconvolu-
tion software and spectral database searches (Hao et  al. 
2005). Recently, this GC × GC/TOFMS technique has 

been applied to the naphthenic acid monitoring of a wet-
land reclamation site in the Athabasca oils sands region 
in northern Alberta, Canada (Bowman et al. 2019). Both 
of these studies involved the derivatization of the samples 
into methyl esters. The internal standard used in the sec-
ond method was methyl 2-hexyl-decanoate dissolved in 
dichloromethane (Bowman et  al. 2019). Techniques for 
liquid chromatography analysis of naphthenic acids are 
discussed in the following section.

Liquid chromatography
Liquid chromatography is a separation technique that 
can be applied to fatty acid analysis (Pérez-Navarro 
et al. 2019; Molina-Calle et al. 2017; Nguyen et al. 2015; 
Brondz 2002). While sample clean-up and derivatiza-
tion prior to LC analysis can improve the selectivity and 
sensitivity of the instrument, it is not absolutely required 
(Brondz 2002; Snyder and Kirkland 1979; Kataoka 2017). 
When performing trace analysis in ppb and ppt, contami-
nation is a major problem, especially when studying fatty 
acids that are commonly found in the laboratory environ-
ment (Mizuike and Pinta 1978). Application of direct LC 
analysis without derivatization can avoid the time-con-
suming preparative steps that risk contamination from 
ubiquitous fatty acids in the lab. Palmitic acid and stearic 
acid are fatty acids that have been found to be common 
laboratory contaminants in disposable plasticware used 
to avoid cross contamination between samples (Cheng 
and Yu 2020). Using glass, rather than plastic, helped 
to reduce the contamination and decrease the limit of 

Table 3  Comparison between fatty acids and naphthenic acids (Shang et al. 2013)

Fatty acids Naphthenic acids

Structural formula CH3(CH2)nCOOH CnH2n+zO2

Representative 
structures
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detection when studying these fatty acids. Ubiquitous 
fatty acid contaminants have also been found in com-
mercially available solid phase extraction columns, which 
can be particularly troubling when using these prod-
ucts during sample preparation (Cavonius and Carlsson 
2015). It is important to be aware of these pervasive fatty 
acids and plan experiments to minimize the effect of con-
tamination. As with other chromatographic techniques, 
compound separation occurs by selection of a column 
phase that shows affinity for the analytes of interest, in 
combination with complementary mobile phases. There 
are numerous publications listing LC parameter choices 
including the LC column, mobile phases, and eluent gra-
dients that have achieved separation of fatty acids. Chu 
et al. (2009), Samburova et al. (2013), and Schlotterbeck 
et  al. (2018) are examples of literature that describe the 
use of ultra and ultra-high performance liquid chroma-
tography to study fatty acids, with Schlotterbeck et  al. 
(2018) describing methods for both targeted and untar-
geted analysis. The LC parameters used in these papers 
are summarized in Table  4 for the benefit of future 
researchers.

LC/MS and LC/QTOF are widely used LC instruments 
that are highly selective and sensitive, with their ability to 
provide analyte structural information showing promise 
for applications to fatty acid analysis. Advantages and 
disadvantages for LC/MS and LC/QTOF are provided in 
Table 2 to contrast the previously mentioned GC meth-
ods. Pérez-Navarro et  al. (2019) used liquid chroma-
tography tandem mass spectrometry (LC/MS/MS) to 
determine the free fatty acid profile in Vitis vinifera grape 
cultivars. Molina-Calle et  al. (2017) tentatively identi-
fied fatty acids using LC/QTOF to research Stevia leaves. 
Nguyen et  al. (2015) used a combination of GC/QTOF 

and LC/QTOF to analyze both fatty acids and triacylg-
lycerols from fruits in the Apiaceae family. Additionally, 
several established LC techniques for naphthenic acid 
analysis have potential applications in fatty acid method 
development. Shang et  al. (2013) described a specific 
and sensitive LC/MS method for quantification of naph-
thenic acids that included the use of large volume injec-
tion. Sample preparation was simple, with samples only 
being centrifuged after the addition of the internal stand-
ard. Brunswick et al. (2015, 2016, 2017) reported a high 
resolution, high throughput, LC/QTOF method that also 
involved limited sample preparation by pH adjustment to 
an alkaline pH > 10. Applicability of the naphthenic acid 
methodology to fatty acids is supported by their use of 
deuterated fatty acids as internal standards and reference 
standards.

Fourier transform infrared (FT/IR) spectroscopy
Fourier transform infrared (FT/IR) spectroscopy is a 
technique used to analyse the characteristic molecular 
absorption of infrared light to determine structure, typi-
cally in the region of 4000–400 cm−1 (Griffiths 1983; Faix 
1992). It is a rapid and non-destructive analytical tech-
nique with a broad range of applications and is readily 
available in many laboratories for routine work (Gieroba 
et  al. 2020). FT/IR was used by Gieroba et  al. (2020) to 
analyze bacterial biofilm on human teeth. They were able 
to identify lipids and proteins in biological samples but 
noted caution because the presence of water can distort 
results. The use of FT/IR to study free fatty acids in fish 
oils was described by Aryee et al. (2009). FT/IR was dem-
onstrated to be an adequate method for determination 
of free fatty acids due to its simplicity and reproducibil-
ity. FT/IR could have potential applications for studying 

Table 4  Examples of published liquid chromatography parameters for fatty acid analysis

FA(16:4)n‐3: hexadeca‐4Z,7Z,10Z,13Z‐tetraenoic acid

LC column Mobile phases Eluent gradients

Chu et al. (2009) ACQUITY UPLC BEH-C18, 130 Å, 1.7 µm, 
2.1 mm × 50 mm, waters

Solvent A: water
Solvent B: acetonitrile

70% A, 30% B decreasing to 25% A, 75% B 
over 10 min

Increasing to 100% B over 10 min

Samburova et al. (2013) ACQUITY UPLC BEH-C18, 130 Å, 1.7 µm, 
2.1 mm × 50 mm, waters

Solvent A: acetonitrile
Solvent B: 10 mM ammonium formate 

in methanol

20% A, 80% B for 5 min
Increasing to 100% B over 10 min
Held at 100% B for 45 min

Schlotterbeck et al. 
(2018) (untargeted 
analysis)

Kinetex, 100 Å, 2.6 µm, 150 × 2.1 mm; 
C8, TMS end capped

Solvent A: 10 mM aqueous ammonium 
acetate buffer

Solvent B: 55% ACN, 40% IPA and 5% 
10 mM aqueous ammonium acetate 
buffer

60% A, 40% B, increasing to 100% B in 
15 min

Held at 100% B for 5 min

Schlotterbeck et al. 
(2018) (targeted anal-
ysis of FA(16:4)n‐3)

Kinetex, 100 Å, 2.6 µm, 150 × 2.1 mm; 
C8, TMS end capped

Solvent A: 10 mM aqueous ammonium 
acetate buffer

Solvent B: 55% ACN, 40% IPA and 5% 
10 mM aqueous ammonium acetate 
buffer

60% A, 40% B, increasing to 100% B in 
5 min

Held at 100% for 2 min
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biofilm but is most likely reserved as a rapid and less sen-
sitive screening tool to initially assess the composition of 
the sample.

Summary
The present review synthesizes literature on the roles 
and properties of intertidal biofilm, with special refer-
ence to migratory shorebirds, and underscores the value 
of diatoms as a major source of fatty acids. In support of 
future studies, experimental design factors such as sam-
ple storage, spatial–temporal sampling, and accounting 
for dewatering effects on sediment are emphasized. The 
established methodologies of biofilm fatty acid analy-
sis including GC/FID and GC/MS remain effective, but 
more forthcoming techniques, including LC/MS and 
LC/QTOF should be considered, alongside the possible 
incorporation of FT/IR as a screening tool. In addition, 
potential is noted for applying soil science and naph-
thenic acid techniques to fatty acid research.

Worldwide, a growing appreciation for the benefits 
of intertidal mudflat habitats has given alarm to the 
potential negative effects of climate change and coastal 
development to both mudflat quality and quantity. In 
particular, as the quality of intertidal biofilm can be 
gauged by the production of diatom-mediated fatty 
acids (Schnurr et al. 2020; Canham et al. 2021), the pre-
dicted reduced production of polyunsaturated fatty acids 
in algae due to global warming (Hixson and Arts 2016; 
Colombo et  al. 2020) compounded by losses in mudflat 
quantity (Murray et  al. 2019) are likely to result in irre-
versible and fundamentally adverse changes to these 
coastal systems. Establishing robust and routine ana-
lytical techniques to temporally monitor the quality and 
condition of mudflats, in tandem with research programs 
to achieve a deeper understanding of mudflat ecology, 
are core to effective conservation. In particular, deter-
mining the quality of biofilm as a food source for migra-
tory shorebirds is of prime importance. In this regard, 
the determination of specific SFAs, MUFAs, and PUFAs 
ratios are a key goal. Perhaps the overarching challenge is 
to discover the specific triggers to the lipid accumulation 
in diatoms and related responses in intertidal biofilm, 
given the fundamental role of mudflats in supporting not 
only migratory shorebirds but also the whole ecosystem 
of surrounding wildlife and fisheries (Mathot et al. 2018).
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