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Elemental concentrations in forested headwater catchments 
result from both nutrient cycling and nutrient release processes 
in forest ecosystems. The nutrient load exported with headwaters 
represents a baseline for downstream water quality and nutrient 
cycling. Due to the acidic conditions, especially below coniferous 
forests, in forest soils and thus stream waters, a high adsorption 
of ions and molecules to particle surfaces can take place (Franco 
et al., 2009; Crini and Badot, 2010). Under these pH condi-
tions, P is rapidly complexed with Fe and Al compounds (Reddy 
et al., 1995) while surfaces of metal (hydr)oxides are positively 
charged, thus acting as adsorbents for anions and organic matter. 
In rivers with catchments dominated by silicate rocks and low 
pH values, Ca-rich particles as another potential P carrier are 
less relevant (Hill and Aplin, 2001). According to Gottselig et 
al. (2014), the mean portion of P bound to NNP and colloids 
in forest stream waters varies between 3 and 100% depending 
on the source and composition of the tributary f low. More pre-
cisely, only tributaries strongly influenced by groundwater f low 
exhibit low percentages (3%), whereas mean portions of all other 
investigated tributaries (e.g., those dominated by surface waters) 
exceed 40% of total P.

In general, aquatic NNP and colloids can be rich both in 
minerals, with which P associates, or organic matter contain-
ing significant amounts of organically bound P (Darch et al., 
2014). Clay minerals, specifically, can strongly adsorb phosphate 
(Edzwald et al., 1976) or act as carriers for P through ligand 
exchange of phosphate with metal hydroxides on the exchange 
surface (Yaghi and Hartikainen, 2013). All colloidal constitu-
ents are either present as these single components (minerals or 
organic) that can associate with P species, or can form organo-
mineral complexes (Klitzke and Lang, 2007, and references 
therein). Additionally, organic matter can act as a polymer that 
stabilizes colloids (Ranville and Macalady, 1997) so that they 
are less prone to aggregate to larger size ranges. First studies on 
the size-resolved analysis of NNP and colloids (e.g., Hassellöv 
et al., 1999; LyvØn et al., 2003; Dahlqvist et al., 2004; Stolpe et 
al., 2005, 2010; Andersson et al., 2006; Neubauer et al., 2013; 
Regelink et al., 2013, 2014; Gottselig et al., 2014) showed the 
importance of colloidal components such as minerals, metal 
oxides, or organic molecules, which can be building block 
structures of NNP and colloids. These components additionally 
vary depending on the NNP and colloid size. It is still disputed 
whether Fe and Al, both in ionic and oxide forms, are relevant 
especially for small NNP (<20 nm) in the context of associ-
ated P transport (Francko and Heath, 1982; Richardson, 1985; 
Leppard et al., 1988; Hassellöv and von der Kammer, 2008; 
Jiang et al., 2015) or if organic matter transports P in the small-
est size fraction (Shafer et al., 1997; LyvØn et al., 2003; Regelink 
et al., 2011, 2013). This disagreement over the preferential bind-
ing partners of P in the different size fractions is due to the fact 
that the statements about P speciation are made on account of 
the maximum likelihood of P binding in the fractions, yet they 

need further validation through the application of exploratory 
data analysis techniques.

In contrast to methods used in earlier studies on environmental 
colloids, field f low fractionation (FFF) (Giddings et al., 1976) 
provides a size-resolved analysis of the NNP and colloidal 
fractions. It is a f lexible technique for nearly nondestructive 
fractionation of colloidal and especially nanoparticulate samples 
(Gimbert et al., 2003) without the need for sample pretreatment, 
i.e., is best suited to characterize the size distribution of NNP 
and colloids in the aqueous environment. The separation of par-
ticle fractions occurs primarily due to the hydrodynamic particle 
diameter but also partially to morphology and the particle elec-
trostatic properties and is driven by an interaction between the 
strength of the applied separation field and the diffusion coef-
ficient of the colloids (Baalousha et al., 2011). To determine the 
elemental composition of NNP and colloids, inductively coupled 
plasma�mass spectrometry (ICP�MS) is a powerful online detec-
tor for the FFF (e.g., Nischwitz and Goenaga-Infante, 2012). 
Important studies on the application of FFF�ICP�MS on urban 
stream water NNP and colloids (Hassellöv et al., 1999; LyvØn 
et al., 2003; Stolpe et al., 2005) as well as on forested stream 
water NNP and colloids (Dahlqvist et al., 2004; Andersson 
et al., 2006) have been published, yet the role of colloids in 
stream waters is still less understood. The applied FFF�ICP�
MS method is applicable to routine analysis and detects low P 
concentrations through the use of the collision cell technology 
(Gottselig et al., 2014). In addition to ICP�MS, it is possible to 
use an organic C detector (OCD) coupled to FFF. It overcomes 
the compound-dependent response for C in ultraviolet (UV) 
detection, for example failing to detect organic acids (Reszat 
and Hendry, 2005). Further, a separation of the NNP and col-
loids from the truly dissolved phase (<1 kDa) is achieved through 
the specific technique of f low field f low fractionation because 
the truly dissolved phase passes the separation membrane of the 
channel, thus allowing a clearer distinction among NNP, colloids, 
and truly dissolved species (Martin et al., 1995). It should be 
noted that through FFF�ICP�MS coupling, no information on 
the speciation of P (Spivakov et al., 2009) is gained apart from 
the particle size.

The objective of this work was to test the hypothesis that the 
majority of P is bound to NNP in forest streams but that the size 
and elemental composition varies for different forested headwater 
systems. This work was conducted as a follow-up, extension, and 
enhancement of the study on variable tributary and main stream 
flows within one catchment (Gottselig et al., 2014). Hence, base 
flow events of stream waters and tributaries in forest catchments 
of Germany and Norway were sampled in the current study. The 
sites differed in total P load and therefore potentially also in the 
distribution of P among NNP and colloidal size fractions. The 
samples were analyzed using FFF coupled to ICP�MS and to an 
online high-sensitivity OCD.
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Throughout all the samples, it was evident that P was present in 
all fractions with varying intensities. The occurrence of Si and 
Al in the third fraction was characteristic for this fraction and a 
clear delimitation to the first and second fractions. According to 
Stolpe et al. (2010), aquatic colloids of the Lower Mississippi River, 
the Atchafalaya River, the Pearl River, and from marine stations 
in the northern Gulf of Mexico contain chromophoric organic 
matter nanoparticles in the size range 0.5 to 4 nm, organic matter 
nanoparticles with protein-like fluorescence in the size range 3 
to 8 nm and >40 nm, as well as Fe-rich colloids in the size range 
5 to 40 nm, which all bind P, metals, and Ca. The major compo-
nents within natural colloids are organic matter and Fe (Hassellöv 
and von der Kammer, 2008; Neubauer et al., 2013; Darch et al., 

2014; Regelink et al., 2014; Jiang et al., 2015). The present data 
confirm Fe and organic C as relevant carriers of P next to Si- and 
Al-containing minerals like clay minerals.

Variability of the Fractionation Patterns 
of Natural Nanoparticles and Colloids
To assess the on-site and between-site variability of the frac-
tionation patterns of NNP and colloids of forested headwater 
catchments, the UV absorption at 254 nm (Supplemental Fig. S2) 
of each sample was also recorded. The UV data showed that the 
fractionation patterns among the three fractions were distinct, and 
differences among stream water fractionation patterns were pres-
ent within a site as well as among the sites (see also Supplemental 

Fig. 2. Example asymmetrical flow field flow fractionation (AF4) fractograms of Wüstebach Stream Point 7, indicating (a) the three peaks that were 
detected for all samples: P, Fe, and organic C (OC) signals, with the Fe signal downscaled by a factor of 200 to better visualize the P signal; and (b) Al, 
Si, Mn, and ultraviolet (UV) signals. The size of the first fraction lies between 1 kDa (0.66 nm) and 20 nm, the second size fraction between >20 and 60 
nm, and the third fraction >60 nm. Elution time offset for OC detection (OCD) was corrected, peak broadening was not. The depicted UV signal was 
recorded at 254-nm wavelength from the AF4�inductively coupled plasma�mass spectroscopy (ICP�MS) run. Fraction borders apply to the ICP�MS 
signal; for the OCD evaluation, these borders were modified.




