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A critical assessment of physicochemical indices used to 
characterise natural dissolved organic carbon (DOC), their inter- 
relationships, and the effects of pH 
Carolyn MorrisA,* , Samantha ZulianB, Colin J. BraunerA , Chris M. WoodA,C and D. Scott SmithB

Environmental context. Dissolved organic carbon (DOC) is ubiquitous in freshwater and concentrations are rising universally while 
pH is decreasing with climate change. This study demonstrates the interrelationships among DOC characterisation techniques and the 
pH-sensitive aspects of these techniques that were previously not well understood. As DOC regulates important processes within 
ecosystems, understanding DOC behaviour at altered pH and identifying techniques to effectively evaluate DOC composition are 
critical requirements for monitoring aquatic ecosystem health.  

ABSTRACT 

Rationale. Dissolved organic carbon (DOC) is both ubiquitous and heterogeneous in freshwater. 
Freshwaters are browning universally and pH values are decreasing with climate change. DOCs 
influence water pH, whereas changes in water pH potentially alter the conformation and function 
of DOCs. The physicochemical properties of DOCs can be characterised by optical and chemical 
indices, but the inter-relationships among them, and the effects of low pH, are not well 
understood. Methodology. We characterised five naturally sourced DOCs, spanning large 
differences in origin and composition, at pH 7 and 4, using multiple indices: specific absorbance 
coefficient at 340 nm, molecular weight index, fluorescence index, octanol–water partition 
coefficient, molecular charge, proton binding index, size-fractionation, and percentage humic- 
acid-like, percentage fulvic-acid-like and percentage protein-like components by fluorescence- 
based parallel factor analysis. Results. Many of the indices changed between pH 7 and 4 as 
reflected in the corresponding absorbance and fluorescence profiles. Generally, apparent aroma-
ticity, apparent molecular weight and molecular charge all decreased with low pH, while 
lipophilicity increased. Key positive correlations occurred between aromaticity and apparent 
molecular weight, chemical reactivity and apparent molecular weight, and aromaticity and 
chemical reactivity, and a negative correlation between lipophilicity and molecular charge. 
These relationships were pH dependent. Discussion. Our results highlight that physicochemical 
indices used to characterise DOCs from distinct sources should consider pH and be interpreted 
carefully. The pH-dependent changes in many of the indices are likely alterations in the 
conformation, reflected in the optical signatures, rather than changes in the composition of 
DOCs. In contrast, increased lipophilicity and reduced charge at lower pH are due to actual 
changes in DOC molecules, resulting from proton binding. The ecological functions of DOCs are 
dependent on source and will likely change with natural acidification events such as increasing 
atmospheric CO2.  

Keywords: absorbance, acid–base titration, dissolved organic carbon, DOC characterisation, 
fluorescence signatures, lipophilicity, optical properties, pH-dependent properties. 

Introduction 

Dissolved organic carbon (DOC) is a universal constituent of freshwater that is increasing 
worldwide with spatial and temporal variability (Morris et al. 2021). Simultaneously, 
freshwater pH values are generally falling due to climate change (Pagano et al. 2014). 
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DOCs are primarily composed of humic substances (humic 
and fulvic acids) and various non-humic substances includ-
ing amino acids, fatty acids, phenols, sterols, natural sugars, 
hydrocarbons, urea and porphyrins (Boggs et al. 1985;  
Gaffney et al. 1996). They are extremely heterogeneous, 
varying in quality and composition based on origin and 
spatial, temporal, and seasonal factors. The dissociation of 
protons from humic substances acidifies water but DOCs 
also may indirectly alter pH by affecting other natural buffer 
systems that help to regulate pH (Erlandsson et al. 2010). 
Changes in water pH likewise potentially alter properties of 
DOCs, inducing changes in their fluorescence behaviour 
(Pullin and Cabaniss 1995; Patel-Sorrentino et al. 2002) 
and changes in their conformation such as condensation or 
expansion of the molecules, probably associated with titra-
tion of negative charge by protons (Pace et al. 2012). As a 
result, the functional properties of DOC may change with pH 
(Wenk et al. 2021). In freshwater ecosystems, DOCs regulate 
both biotic and abiotic processes (Petersen 1991; Kullberg 
et al. 1993; Steinberg et al. 2006; Al‐Reasi et al. 2011) and 
aquatic organisms are very sensitive to changes in DOC 
quality and concentration (Sucker and Krause 2010; Wood 
et al. 2011; Johannsson et al. 2017, 2020; Holland et al. 
2018). Two well-established functional properties of DOC 
are their ability to bind cationic metals, thereby reducing 
toxicity, and their ability to exert generally beneficial phys-
iological effects on osmoregulation in aquatic organisms. 
Both of these functions appear to vary with DOC type and 
are sensitive to pH (Wood et al. 2011; Morris et al. 2021). 

The ecological function of DOC is reflected in various 
optical and chemical indices. For example, there is evidence 
that DOCs that are more aromatic, more allochthonous, 
larger in molecular size, with greater humic acid content 
and with greater reactivity, are more effective at both detox-
ifying metals and exerting physiological effects (Al-Reasi 
et al. 2011, 2013; Wood et al. 2011). These properties have 
been quantified by a variety of optical and chemical indices, 
as outlined below, but how they relate to one another and 
behave at different pH values is not well understood. 

Molecular variability of DOCs can be described by optical 
properties such as absorbance, fluorescence signatures and 
parallel factor analysis (PARAFAC) of fluorescence data 
(Al-Reasi et al. 2011; Wood et al. 2011). Indices have been 
developed to evaluate: aromaticity (specific absorbance 
coefficient at 340 nm, SAC340 Curtis and Schindler 1997), 
molecular weight (molecular weight index, MWI; Dahlén 
et al. 1996; Peuravuori and Pihlaja 1997), allochthonous v. 
autochthonous origin (fluorescence index, FI, McKnight et al. 
2001; DePalma et al. 2011), lipophilicity (octanol–water 
partition coefficient, Gjessing et al. 1999; Egeberg and 
Alberts 2002; Namjesnik‐Dejanovic and Cabaniss 2004), 
size fractionation by ultrafiltration (Wheeler 1976), and rel-
ative percentage composition by PARAFAC (Kroonenberg 
and Heiser 1998; Stedmon and Bro 2008). Non-optical indi-
ces of chemical reactivity include the proton binding index 

(PBI) (Al-Reasi et al. 2013) and molecular charge (an indica-
tion of the ionisable fraction of the molecule). 

In the present study, we have applied all these techniques 
to characterise five sources of natural DOCs that were 
freshly isolated from diverse sites in Ontario, Canada. Two 
of the sources (Lake Ontario, LO; and Luther Marsh, LM) 
were selected because some of their physicochemical prop-
erties have been characterised in previous collections 
(Al‐Reasi et al. 2012, 2013; Duarte et al. 2018). These 
earlier studies established that these sources span extremes 
with regards to origin (autochthonous v. allochthonous) and 
structure (apparent molecular size, optical and physico-
chemical properties). The three other DOC collection sites 
(Preston Flats, PF; Ancient Woods Swamp, AS; and Ancient 
Woods Pond, AP) represent a gradient of aquatic environ-
ments within ‘The rare Charitable Research Reserve’, 
Ontario, that were predicted to ‘fill in the gaps’ between 
the extremes of LM (allochthonous) and LO (autochtho-
nous). With a few exceptions, measurements were made at 
both pH 7 and 4. Additionally, size fractionation was per-
formed, and the properties were evaluated for each fraction. 
Previous studies using the MWI have rarely done this. Size 
fractionation not only assessed the validity of the MWI, it 
allowed us to determine the importance of each size range 
considering DOC concentration, molecular weight, relative 
percentage fluorophore concentration (PARAFAC compo-
nents) and aromaticity. The indices are related to DOC 
function; therefore, we were interested in knowing if most 
of the protective capacity (related to metal toxicity and 
ionoregulatory function in aquatic organisms) of the DOC 
was in a specific fraction. Finally, results were analysed to 
detect important relationships among the various optical 
and chemical indices and how they were affected by pH. 

Our specific hypotheses were: (i) based on previous stud-
ies (cited above) on DOC collected from LM and LO, the 
DOC quality characteristics would differ among sources, 
with LM DOC being the most aromatic, allochthonous, larg-
est in molecular weight and with the largest relative humic- 
acid-like fraction, whereas LO would be the least aromatic, 
autochthonous, smaller in molecular weight, with a lower 
humic-acid-like fraction; (ii) the physicochemical indices for 
each source would change with the lowering of pH, due to 
known H+ titration of negative charges on DOC, resulting in 
conformational changes in the molecules; (iii) some of the 
indices would correlate strongly with one another, in a pH- 
dependent fashion, whereas others would not. Specifically, 
based on chemical principles, aromaticity would likely be 
related to molecular weight, and lipophilicity to molecular 
charge; and (iv) smaller DOC size fractions would have 
lower DOC concentration, aromaticity, relative percentage 
humic-acid-like concentration and molecular weight. 

Our goal was to critically assess these indices for use in a 
companion study (C. Morris, S. Zulian, C. J. Brauner, D. S. 
Smith and C. M. Wood, unpubl. data) probing the physio-
logical effects of these same DOC solutions on freshwater 
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rainbow trout (Oncorhynchus mykiss) at pH 7 and 4. As the 
indices are indicative of the quality and composition of 
DOCs, and thus potentially their functions, we predicted 
that DOCs that have higher aromaticity, larger molecular 
weight, more humic-acid-like content and a higher proton 
binding capacity, particularly at pH 4, would be more bene-
ficial to ionoregulation in rainbow trout in our companion 
study (C. Morris et al., unpubl. data). 

Experimental methods 

Experimental solutions 

Natural DOC sources were collected from five sites in 
Ontario, Canada. The sites were Luther Marsh (LM) 
(43°57′42.8N, 80°24′04.0W), Lake Ontario (LO) 
(44°14′25.3″N 76°27′57.5″W) and three sites within ‘The 
rare Charitable Research Reserve’: Preston Flats (PF) 
(43°23′17.5″N 80°22′38.0″W), Ancient Woods Pond (AP) 
(43°22′30.4″N 80°21′55.5″W) and Ancient Woods Swamp 
(AS) (43°22′30.8″N 80°22′09.2″W). These are referred to 
throughout the manuscript by their site designations: LO, 
LM, PF, AP and AS. There were two types of samples col-
lected, ‘grab samples’ and DOC concentrates. 

Single ‘grab samples’ of non-processed water were taken 
at the same time as the collection of the DOC concentrates 
(described below), for analysis of pH, DOC and cation and 
metal concentrations (Supplementary Table S1). pH was 
measured using a sympHony pH electrode (C03243) and 
meter (SP70P) (VWR International, Radnor, PA, USA). 
DOC was measured using a Shimadzu total carbon analyser 
(TOC-L Shimadzu, Mandel Scientific, Guelph, ON, Canada). 
All samples were well above the instrument detection limit 
(~0.1 mg C L–1). Metal concentrations were measured by 
inductively coupled plasma–optical emission spectroscopy 
(ICP-OES, Optima 8000, PerkinElmer Inc., Woodbridge, ON, 
Canada). Grab samples were taken from LO, PF, AP and AS; 
unfortunately, the grab sample from LM was lost. 

The DOC concentrates were collected as single stocks in 
reverse osmosis sessions, each lasting multiple hours from 
each location. We did not make multiple separate concen-
trates from each site. To concentrate the DOC, water was 
pumped from the source through a 1-µm wound string pre- 
filter to remove large debris, and then to a portable reverse 
osmosis unit fitted with a polyamide thin-film composite 
membrane (FilmTec BW30-4040, DuPont Water Solutions, 
Edina, MN, USA) which concentrated organic matter gradu-
ally (Sun et al. 1995). The concentrates were treated with a 
cation exchange resin (Amberlite IR-118 (H), Sigma– 
Aldrich, Saint Louis, MO, USA) to remove cations that 
may have accumulated during reverse osmosis. For the 
DOC concentrates, there were two processing procedures, 
one for optical and chemical characterisation of ‘whole’ 
DOC (i.e. not fractionated), and the other for size 

fractionation. The concentrates for characterisation of 
‘whole’ DOC were filtered using 47-mm hydrophilic, poly-
ethersulfone polymer membrane filters (0.45-µm pore size) 
(MS PES Membrane Solutions, Auburn, WA, USA), and 
stored in sealed bottles at 4°C. Experimental solutions 
were then prepared for further physicochemical characterisa-
tion, including ICP-OES analysis, as well as for use in the 
fish physiology tests of the companion study (C. Morris 
et al., unpubl. data). These solutions were made by adding 
each of the natural DOC concentrates to dechlorinated 
Vancouver tap water (Na+ = 0.09, Cl− = 0.10, Ca2+ = 
0.10, Mg2+ = 0.011, K+ = 0.004 mmol L–1, hardness 
as CaCO3 = 3.3 mg L–1, pH = 7.0, [DOC] = ~1.07 mg 
C L–1) to nominally equal 10 mg C L–1 and the pH was 
adjusted to nominally pH 7 or pH 4 using HNO3 or NaOH 
and a sympHony pH electrode and meter (Supplementary 
Table S2). The pH range among the experimental solutions 
was typically less than 0.5 pH units. DOC concentrations in 
the experimental waters (Supplementary Table S2) were mea-
sured using a Shimadzu total carbon analyser, as described 
above. 

Size fractionation was performed only at neutral pH, 
using the experimental solutions. All samples for size frac-
tionation were first filtered using polyether sulfone mem-
brane syringe filters (0.45 µm, 25 mm) (VWR syringe filters 
76479-020, VWR International, Radnor, PA, USA) and were 
prepared at ~10 mg C L–1 at neutral pH. Molecular weight 
centrifugation filters of three sizes (100, 10 and 3 kDa) 
(MWCO, Vivaspin 20 mL, 100 kDa, GE28-9323-63; 10 kDa, 
GE28-9323-60; 3 kDa, GE28-9323-58; Sigma–Aldrich) were 
used in the next step. As these may contain glycerol, which 
would add carbon, they were preconditioned for 9 days 
following the soaking protocol outlined by Hourtané et al. 
(2022). The 0.45-µm filtrate was then used to conduct 3-, 
10- or 100-kDa ultrafiltration by centrifugation. Aliquots
from each individual filtrate (i.e. 45 µm, 3, 10 or 100 kDa)
were collected for analysis of DOC concentration, SAC340, FI,
MWI and fluorescence excitation–-emission matrix (FEEM)
as described below.

Optical characterisation of DOCs 

An Aqualog optical spectrometer (HORIBA Scientific, Kyoto, 
KM, Japan) was used to measure the fluorescence and 
absorbance of each of the experimental solutions. This 
instrument measures the simultaneous excitation–emission 
matrices required for PARAFAC of fluorophores (Stedmon 
and Markager 2005; Stedmon and Bro 2008). All indices 
were measured at pH 7 and 4 with the exception of those 
associated with the size fractionation by ultrafiltration. 

Specific absorbance coefficient at 340 nm 
The SAC340, an index of aromatic composition, was esti-

mated by the method of Curtis and Schindler (1997) by 
examining the absorbance of samples at a wavelength of 
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340 nm using a 1-cm quartz cuvette (Helma Canada Ltd, 
Concord, ON, CA) in the Aqualog spectrometer. The instru-
ment was ‘blanked’ using ultrapure water. Two replicates 
were performed for each source at pH 7 and 4. Briefly, 
SAC340 (cm2 mg–1 C) was calculated as: 

SAC = (2.303 × Abs ) ÷ pathlength
[DOC] ÷ 1000340

340 (1)  

where DOC is in milligrams of C per litre and pathlength is 
in centimetres. 

Fluorescence index 
The FI is an indicator of the DOC source with higher 

values indicating a more autochthonous origin, and lower 
values, a more allochthonous origin (McKnight et al. 2001). 
Other FI ratios have been proposed but the original ratio 
seems to work best for predicting the protective effects of 
DOC (DePalma et al. 2011). FI was calculated by previously 
described methods (McKnight et al. 2001): 

FI = Em
Em

450

500
(2)  

where Em450 and Em500 refer to emission intensities at 450 
and 500 nm, both taken at an excitation wavelength of 
370 nm. 

Molecular weight index 
The ratio of absorbance measurements at 254 and 

365 nm may be used as an indirect indicator of the relative 
molecular weight (MWI) of DOC (Dahlén et al. 1996;  
Peuravuori and Pihlaja 1997). Note that this is an inverse 
index, with high values indicating lower molecular weight, 
and low values indicating a higher molecular weight: 

Molecular weight index = Abs
Abs

254

365
(3)  

Parallel factor analysis 
PARAFAC modelling was conducted in MATLAB (ver. 

9.12.0.1956245, MathWorks, Natick, MA, USA) using the 
PLS Toolbox (ver. 9.2, Eigenvector Research Incorporated, 
Manson, WA, USA). PARAFAC is a computational model 
that uses a multivariate statistical approach to define the 
components of a sample based on the fluorescence 
excitation–emission matrix (FEEM) and known predeter-
mined number of fluorophores (Stedmon and Markager 
2005; Stedmon and Bro 2008). Two replicates were per-
formed for each source at pH 7 and 4. In the present 
study, three fluorophore categories were selected: humic- 
acid-like, fulvic-acid-like and protein-like components. 

Octanol–water partition coefficient 
The octanol–water partition coefficient (log KOW) is a 

measure of lipophilicity. The log KOW was measured 

following the procedure of Gjessing et al. (1999). Briefly, 
DOC solutions (~10 mg C L–1) from each source were made 
at pH 7 and 4. Octanol (5 mL) was added to a 15-mL aqueous 
DOC sample which was gently but thoroughly mixed using a 
three-dimensional nutating mixer (VWR International, 
Radnor, PA, USA) for 2.5 h. The distribution of the DOC in 
the water phase and octanol phase was determined by mea-
suring the absorbance in each phase at 254 nm (Gjessing 
et al. 1999). The absorbance baseline zero was set by ‘blank-
ing’ the machine with ultrapure water or octanol as appro-
priate. log KOW was calculated as per Gjessing et al. (1999): 

i
k
jjjj

y
{
zzzzKlog = log Abs in octanol phase

Abs in aqueous phaseOW
254

254
(4)   

A higher log KOW values indicate a more lipophilic 
sample. 

Size fractionation 
All samples were prepared as described above at 

~10 mg C L–1 at neutral pH and were filtered through the 
0.45-µm syringe filters. The 0.45-µm filtrate was then used 
to conduct 3, 10 or 100-kDa ultrafiltration by centrifuga-
tion. The swinging bucket rotor centrifuge ran at 4300g for a 
duration of 8 min, at 4°C (Allegra X-14 Series Benchtop 
Centrifuges 120 V, Beckman Coulter, Brea, CA, USA). 
Aliquots from each individual filtrate were collected for 
analysis of DOC concentration, SAC340, FI, MWI and FEEM 
as described above. 

Proton binding index and molecular charge 

The PBI shows the potential of DOC to exhibit strong tri-
dentate binding of cations and has been used as a general 
indicator of chemical reactivity. The PBI is based on the 
protocol of Al-Reasi et al. (2013) using acid–base titrations 
over a wide range of pH values. Titrations were performed 
on DOC concentrates from each of the five sources (LM, LO, 
PF, AP and AS). Prior to the transfer to the titration vessel, 
the ionic strength of each DOC solution was adjusted to 
0.01 M by the addition of 5 M NaNO3 (Sigma–Aldrich). 
The sample was acidified using HCl to pH ~2.0 then titrated 
by the gradual addition of 1 N NaOH at ~0.1 pH unit 
intervals until the pH reached 12 using an automated titra-
tor (848 Titrino Plus with 801 magnetic stirrer with support 
rod, Metrohm Canada, Mississauga, ON, CA) with a pH 
electrode (Orion 8101BNWP ROSS Half-Cell Electrode, 
ThermoFisher Scientific, Waltham, MA, USA) and a double 
junction Ag/AgCl reference electrode (Orion 900200 Sure- 
Flow Reference Half Cell Electrode, ThermoFisher 
Scientific). All titrations were performed at room tempera-
ture under ultrapure N2 gas, to create a CO2-free environ-
ment. Three to five replicates were performed for each 
source. The experimental titration data were fitted to a 
fully optimised continuous (FOCUS) model using in-house 
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MATLAB programs as described by Smith and Ferris (2001), 
to estimate proton binding constants (pKa) and their site 
densities (LT, μmol mg C–1). Binding site densities within a 
specified pKa range were determined by integration of the 
area under the curve in the pKa spectrum. The PBI was 
calculated as in Al-Reasi et al. (2013): 

PBI = intermediate
(acid + basic) ÷ 2

(5)  

where, PBI is a function of the measured acidic (pKa ≤ 5), 
intermediate (5 > pKa ≤ 8.5) and basic (pKa > 8.5) proton 
binding site concentrations (determined by integration of 
the FOCUS pKa spectrum). 

Molecular charge of the DOC molecule, as moles of 
charge per milligram of carbon, is an indication of the 
ionisable fraction of the molecule and was determined 
directly from the experimental data, using interpolation to 
obtain the appropriate value at exactly pH 7 or pH 4. 

Statistical analysis 

Error bars shown for indices represent ranges of replicate 
measurements. The relative percentage fluorophores 
(PARAFAC components) as individual sources of DOC at 
pH 7 and 4 were compared using one-way ANOVA with 
Tukey’s post hoc test. The overall effect of pH on the relative 
percentage fluorophores was assessed across all sites using 
unpaired Student’s t-test. To do this, we pooled all sites at pH 
7 and 4 within their respective relative percentage fluoro-
phore groups (e.g. relative percentage humic-acid-like con-
centration at pH 7 v. relative percentage humic-acid-like 
concentration at pH 4). Pearson r correlation matrices were 
used to analyse the relationships among the physicochemical 
characterisation indices (SAC340, FI, MWI, log KOW, absolute 
charge, PBI, percentage humic-acid-like concentration, per-
centage fulvic-acid-like concentration, percentage protein- 
like concentration, percentage <100 kDa, percentage 
<10 kDa and percentage <3 kDa) at pH 7 or pH 4 sepa-
rately and at pH 7 and 4 combined. For each index, these 
analyses were conducted using single observations (or in the 

case of replicates, the mean values) from each of the five 
DOC sources. As the various indices were measured on five 
different DOCs, the degrees of freedom in the Pearson corre-
lation matrices were only three, for pH 7 and 4 separately, so 
the threshold for statistical significance (P < 0.05) for a 
directional correlation value r was ±0.878; however, values 
that were ±0.7 or more were considered strongly correlated 
(Ratner 2009). For pH 7 and 4 data combined, the degrees of 
freedom in the Pearson correlation matrices was eight so the 
threshold for statistical significance (P < 0.05) for a direc-
tional correlation value r was ±0.632. Simple linear regres-
sions (P < 0.05) were used to assess relationships between 
selected indices at pH 7 and at pH 4, and with the pH 7 and 4 
data combined. 

All statistical analyses and data plots were done using 
GraphPad Prism 10 (ver. 10.2.3, GraphPad Software, San 
Diego, CA, USA). A significance level of P < 0.05 
(two-tailed for all but the correlation analysis) was used 
throughout. 

Results 

Optical characterisation 

At both pH 7 and 4, AP had the highest SAC340 value, 
indicating the highest aromaticity, followed by AS, LM 
and PF (Table 1). LO had the lowest SAC340 value (less 
than half the value of AP) indicating that it was the least 
aromatic DOC tested (Table 1). Adjusting the pH from pH 7 
to 4 resulted in a lower SAC340 value for all but one source, 
although the changes were relatively small (less than 10%). 
The exception was LM where the SAC340 value increased 
by 20%. 

At pH 7, LO had the highest FI, indicating a relatively 
more autochthonous origin, and LM had the lowest FI, 
indicating a more allochthonous origin than the other 
DOC sources (Table 1). This matched the initial assumption 
in the sampling design that LM and LO would represent 
extreme examples of allochthonous and autochthonous 
sources respectively. The three other DOCs had intermediate 

Table 1. The specific absorbance coefficient at 340 nm (SAC340), fluorescence index (FI), molecular weight index (MWI) and octanol–water 
partition coefficient (log KOW) in Lake Ontario (LO), Preston Flats (PF), Luther Marsh (LM), Ancient Woods Pond (AP) and Ancient Woods Swamp 
(AS) at ~10 mg C L–1 at pH 7 and 4.           

Source SAC340 FI MWI log KOW 

pH 7 pH 4 pH 7 pH 4 pH 7 pH 4 pH 7 pH 4   

LO 16.45 ± 0.28 14.95 ± 0.23 1.30 1.24 8.23 8.25 −1.13 −0.66 

PF 21.52 ± 0.16 18.18 ± 0.29 1.24 1.18 7.52 7.04 −1.26 −0.68 

LM 26.55 ± 0.32 31.92 ± 0.41 1.13 1.15 5.62 5.90 −1.48 −1.00 

AP 36.94 ± 0.02 32.73 ± 0.12 1.24 1.19 5.53 6.11 −1.46 −0.68 

AS 27.91 ± 0.03 27.87 ± 0.28 1.28 1.20 5.70 6.71 −1.34 −1.09 

SAC340 values are mean ± range, N = 2.  
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FI values. With a decrease in pH, all FI values decreased, 
except for LM which increased (Table 1); again the changes 
were modest (~5%). 

LO exhibited the lowest apparent molecular weight as 
indicated by the MWI, an inverse ratio where higher values 
indicate a lower molecular weight (Table 1). The DOC with 
the highest apparent molecular weight was AP closely fol-
lowed by AS and LM which were identical. The decrease of 
pH moderately increased (less than 20%) the MWI for all 
sources except for PF (decrease by 6%). 

In our PARAFAC analysis, the three resolved fluorophore 
components were labelled as humic-acid-like, fulvic-acid- 
like and protein-like moieties (Supplementary Fig. S1), con-
sistent with previous work (Al Reasi et al. 2012), where the 
shortest UV peaks are typically assigned to proteins, the next 
longest wavelength peaks to fulvic acids and the longest 
wavelength peaks to humic acids. The FEEM traces revealed 
a change in the fluorescence profile when the pH was low-
ered (Supplementary Fig. S1a–j). All sources were primarily 
composed of fulvic-acid-like components (Fig. 1b), followed 

by humic-acid-like components (Fig. 1a), with small 
protein-like components (Fig. 1c). At pH 7, LM had the 
highest relative percentage humic-acid-like components, 
AP had the highest relative percentage protein-like compo-
nents and LO had the highest relative percentage 
fulvic-acid-like component (Fig. 1). For every source the 
humic-acid-like component increased with a decrease in 
pH, however, this was not statistically significant with LM 
DOC (Fig. 1a). The overall increase at pH 4 considering all 
DOC sources was statistically significant (P < 0.0001). This 
was mirrored consistently by a significant decrease in the 
fulvic-acid-like component in all DOC sources (Fig. 1b). 
Considering all sources together, the decrease was signifi-
cant (P < 0.0001). The protein-like component also 
decreased at pH 4 in all sources but this was only significant 
with AP and AS (Fig. 1c). The overall decrease in the 
protein-like component with a decrease in pH, considering 
all sources, was not significant (P = 0.0719). 

The most lipophilic DOC was LO followed by PF 
(Table 1), as determined by the octanol–water partition 
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Fig. 1. Relative percentage fluorophores of (a) humic-acid-like, (b) fulvic-acid-like, and (c) protein-like components for Lake 
Ontario (LO), Preston Flats (PF), Luther Marsh (LM), Ancient Woods Pond (AP) and Ancient Woods Swamp (AS). Values are 
mean ± range, N = 2. Letters that differ indicate statistically significant differences (P < 0.05 by one way ANOVA plus Tukey’s post 
hoc test).   
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coefficient (log KOW). AP, AS and LM were less lipophilic 
and there were marked increases in Log Kow values with the 
decrease in pH in all sources (Table 1). The total range in 
log KOW differed by 0.35 from highest to lowest; this corre-
sponds to a factor of ~2 in the underlying linear quan-
tity (KOW). 

Proton binding index and molecular charge 

At almost 7× greater than the minimum measured value, 
LM had the highest PBI, a measure of general chemical 
reactivity, followed by AP, AS and PF, whereas LO had the 
lowest PBI (Table 2). The molecular charge (mol charge mg–1 C) 
was highest in AS (more than double the lowest value), 
followed by LM, AP, then LO, which was close to the lowest 
value, PF, at both pH values. As expected with proton 
binding sites being titrated, in each source, absolute charge 
decreased greatly with the lowering of pH (Table 2). 

Size fractionation 

The DOC concentration of the filtrate generally decreased 
with decreasing pore size (Table 3). Both LM and PF had the 
largest percentage change in DOC concentration when look-
ing at the difference between the 0.45-µm and 10-kDa 
filtrates rather than the 0.45-µm and 3-kDa filtrates 
(Table 3). However, when considering changes between 
0.45 µm and 3 kDa, PF had the lowest percentage change 
in DOC concentration with filtration. Notably, in all cases, 
more than 62% of DOC passed through the 3-kDa filter. 

Generally, MWI increased with decreasing pore size, indi-
cating a decrease in molecular weight, particularly at 3-kDa 
filtration. The absolute absorbance at 340 nm and SAC340 
also decreased indicating that the filtrate was less aromatic 
(Supplementary Table S3). The FI increased, indicating that 
the filtrate was fluorescing more like autochthonous DOCs 
with decreasing pore size. The PARAFAC components also 
changed with filtration. In each source, when comparing the 
largest pore size (0.45 µm) and the smallest (3 kDa) there 
was a decrease in the percentage humic-acid-like component 
and an increase in the percentage fulvic-acid-like component 
with the protein-like component being more variable. 

Correlations among the physicochemical 
characteristics of DOC related to pH 

At pH 7, there was a significant positive correlation between 
log KOW and MWI (Fig. 2a). There were significant negative 
correlations between PBI and log KOW, between percentage 
fulvic-acid-like concentration and SAC340, between percent-
age protein-like concentration and percentage humic-acid- 
like concentration, as well as between percentage <10 kDa 
and percentage humic-acid-like concentration (Fig. 2a). 
Although not significant, there were a number of strong 
positive correlations (i.e. a Pearson correlation value of 
+0.7 or more). These occurred between log KOW and FI, 
between PBI and SAC340, between percentage fulvic-acid- 
like concentration and MWI, between percentage <100 kDa 
and percentage protein-like concentration, as well as 
between percentage <100 kDa and percentage <10 kDa 
(Fig. 2a). In addition, there were many strong negative 
correlations. These were seen between MWI and SAC340, 
between log KOW and SAC340, between charge and MWI, 
between PBI and FI, between PBI and MWI, between 
percentage humic-acid-like concentration and FI, between 
percentage protein-like concentration and percentage fulvic- 
acid-like concentration, between percentage <100 kDa and 
percentage humic-acid-like concentration, and between per-
centage <3 kDa and percentage protein-like concentration 
(Fig. 2a). 

At pH 4, the correlation relationships differed. PBI and 
SAC340 were significantly positively correlated with each 
other, as were percentage <10 kDa and FI. There were 
significant negative correlations between SAC340 and MWI, 

Table 2. Proton binding index (PBI) and molecular charge (mol 
charge mg–1 C) at pH 7 and 4 for Lake Ontario (LO), Preston Flats 
(PF), Luther Marsh (LM), Ancient Woods Pond (AP) and Ancient 
Woods Swamp (AS).      

Source PBI Charge at pH 7 Charge at pH 4   

LO 0.09 ± 0.007 3.95 ± 0.77 0.95 ± 0.56 

PF 0.12 ± 0.02 3.65 ± 0.60 0.59 ± 0.25 

LM 0.62 ± 0.17 6.10 ± 1.92 2.17 ± 1.6 

AP 0.45 ± 0.10 4.71 ± 0.60 0.95 ± 0.42 

AS 0.30 ± 0.04 7.58 ± 0.60 1.68 ± 0.36 

Values are means ± range N = 3–5.  

Table 3. Percentage change in DOC concentration between 0.45 µm and 100 kDa, 0.45 µm and 10 kDa, and 0.45 µm and 3 kDa of Lake Ontario 
(LO), Preston Flats (PF), Luther Marsh (LM), Ancient Woods Pond (AP) and Ancient Woods Swamp (AS).      

Source 0.45 µm to 100 kDa 0.45 µm and 10 kDa 0.45 µm and 3 kDa   

LO −9.25 −11.61 −24.62 

PF −13.64 −24.13 −12.12 

LM −13.89 −31.64 −22.51 

AP −6.38 −15.15 −37.99 

AS −13.13 −19.58 −37.78   
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between PBI and MW, between percentage protein-like con-
centration and percentage fulvic-acid-like concentration, and 
between percentage <3 kDa and percentage humic-acid-like 
concentration (Fig. 2b). Overall, there were less strong corre-
lations at pH 4 compared to pH 7. The strong positive correla-
tions were MWI with FI, PBI with charge and percentage 
<10 kDa with percentage <100 kDa. The strong negative 
correlations were charge with log KOW, PBI with FI and per-
centage <10 kDa with percentage fulvic-acid-like concentra-
tion (Fig. 2b). 

When pH 7 and 4 data were grouped together, again the 
correlation relationships changed. The relationships that 
remained significantly positively correlated with each other 
were: SAC340 with PBI, percentage fulvic-acid-like concen-
tration with charge, percentage <10 kDa with FI and per-
centage <10 kDa with percentage <100 kDa (Fig. 2c). The 
significant negative correlations that remained were: 
between MWI and SAC340, between charge and log KOW, 
between PBI and MWI, between percentage fulvic-like con-
centration and log KOW, and between percentage fulvic-acid- 
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Fig. 2. Pearson r correlation matrices demonstrating the correlations between optical characterisation indices, specific absorbance 
coefficient340 (SAC340), fluorescence index (FI), molecular weight index (MWI), log KOW, molecular charge, proton binding index (PBI), 
percentage humic-acid-like, percentage fulvic-acid-like, percentage protein-like, percentage <100 Da, percentage <10 kDa, percentage 
<3 kDa at (a) pH 7 and (b) pH 4 separately and (c) pH 7 and 4 combined. Asterisks (*) denote significance at P < 0.05. The threshold for 
significance for panels A and B is a directional correlation value r = ±0.878 and for C is r = ±0.632 based on the degrees of freedom. Values with 
r = ±0.7 or more are considered highly correlated. See Experimental methods for additional details.   
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like concentration and percentage humic-acid-like concen-
tration (Fig. 2c). There were no other important correlations 
as the directional correlation value r for significance was 
±0.632 for the combined pH values. 

Based on the Pearson r correlation matrices described 
above, important relationships were further assessed using 
simple linear regressions at pH 7 and at pH 4, and with pH 7 
and 4 data combined (Fig. 3). The regression of SAC340 
against PBI was significant at pH 4 and when pH 7 and 4 
data were combined, but not at pH 7 (Fig. 3a). When SAC340 
was regressed against MWI, again the relationship was sig-
nificant at pH 4 and when pH 7 and 4 data were combined, 
but not at pH 7 alone (Fig. 3b). The regression of log KOW 
against PBI was significant at pH 7 only (Fig. 3c). The 
regression of PBI against MWI was significant when pH 7 
and 4 data were combined and at pH 4, but not at pH 7 
(Fig. 3d). Finally, when log KOW was regressed against 
charge, the relationship was significant only when pH 7 
and 4 data were combined (Fig. 3e). 

Discussion 

Overview 

With respect to our original hypotheses, there were 
(i) substantial physicochemical differences among our five 
DOC sources. Indeed, at pH 7, LM DOC was among the most 
aromatic, and was the most allochthonous, with the largest 
apparent molecular weight and the largest relative humic- 
acid-like component, whereas LO was the least aromatic, 
most autochthonous, with the smallest apparent molecular 
weight and lowest relative humic-acid-like component. As 
expected, the indices for the other three sources lay inter-
mediate between these extremes. 

We (ii) confirmed that most of the physicochemical indi-
ces used to characterise the DOCs changed as pH was low-
ered from 7 to 4, and these changes were reasonably 
consistent in a qualitative manner. Thus, SAC340 and FI 
values decreased slightly at lower pH and MWI increased, 
although in each case there was one exception (Table 1). We 
attribute these shifts to pH-dependent changes (proton bind-
ing at lower pH) in the molecules that alter their optical 
properties, rather than real changes in origin and molecular 
weight respectively. For example, there is evidence that DOC 
molecules tend to condense at low pH and expand at higher 
pH (Pace et al. 2012). This would fit with the higher MWI 
(i.e. lower apparent size) at pH 4 v. 7. It is unlikely that 
the pH changes alter the actual aromaticity as there are no 
associated oxidising agents, only protonation–deprotonation 
reactions based on pH changes. Pace et al. (2012) speculated 
that condensation of the molecules at low pH would limit 
their exposure to light, thereby lowering their specific 
absorption, which would explain the small decreases in 
SAC340. By contrast, effects on fluorescence may be different. 

At the lower pH, by PARAFAC, samples consistently exhib-
ited apparent increases in the percentage humic-acid-like 
component, and decreases in the percentage fulvic acid-like 
and percentage protein-like components, although the latter 
was not significant (Fig. 1). Patel-Sorrentino et al. (2002) 
reported that pH affected the fluorescence of both humic- 
acid-like and fulvic-acid-like components in a qualitatively 
similar manner, but their ratio would be altered to favour the 
humic-acid-like components at low pH. This would also 
explain the shift to lower FI values (again an index based 
on fluorescence) at low pH, suggesting that the DOC man-
ifests as though it is more allochthonous in origin. Again, 
conformational changes, rather than real compositional 
changes, were the likely explanation. Fluorescence spectra 
for protonated v. deprotonated fluorophores are different. 
Therefore, although the conformational and optical changes 
with pH are real, they do not reflect actual changes in the 
characteristics that the indices are generally thought to rep-
resent. Caution in interpretation is needed. On the other 
hand, the substantial and consistent decreases in charge 
(Table 2) and increases in log KOW (Table 1) at lower pH 
reflect real changes in the molecules, as proton binding to 
anionic sites on the DOCs reduces their negative charge, 
thereby making the molecules more lipophilic. 

We also confirmed (iii) that several of the indices used to 
characterise DOC correlated strongly with one another, with 
particularly positive correlations between aromaticity and 
apparent molecular weight, between chemical reactivity 
and apparent molecular weight, between aromaticity and 
chemical reactivity, and a negative correlation between 
lipophilicity and molecular charge. These and other rela-
tionships were pH-dependent and are explored below. 

We found that (iv) smaller DOC fractions did have lower 
DOC concentration, aromaticity, relative percentage humic- 
acid-like concentration and molecular weight, supporting 
our hypothesis. However, apart from the SAC340 values, 
the changes we saw in DOC concentration, relative percent-
age humic-acid-like concentration and molecular weight 
were more modest than we would have predicted. Our 
results indicate that the aromatic groups are within larger 
fractions of the DOC. However, although the overall DOC 
concentration, molecular weight and relative percentage 
humic-acid-like concentrations did decrease with decreasing 
pore size, they were somewhat retained even in the smallest 
fraction that we tested. 

The physicochemical characteristics of DOCs: 
ecological and physiological implications 

SAC340 values have been reported between 1 and 73 cm2 mg–1 

with most natural waters being below 40 cm2 mg–1 (Al‐Reasi 
et al. 2012; Johannsson et al. 2017; Sadauskas-Henrique et al. 
2021). We observed similar trends in SAC340 values in the two 
sources that have been previously characterised at pH 7, LO 
and LM (Al‐Reasi et al. 2012), with LM being more aromatic 
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against molecular weight index (pH 4, y = −8.107x + 80.29, r2 = 0.8638, P = 0.0223). (c) log KOW regressed against proton 
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compared to LO (Table 1). However, our absolute values 
differed. At pH 7, LM and LO were 26.55 and 16.45 respec-
tively (Table 1) v. 39.03 and 4.85 reported by Al‐Reasi et al. 
(2012). The SAC340 reported by Sadauskas-Henrique et al. 
(2021) for LM DOC collected in 2010 was 39.70. These 
differences were perhaps due to spatial, temporal and sea-
sonal variation in collections. In an earlier study, SAC340 has 
been positively correlated with relative percentage humic‐like 
concentration (PARAFAC component) and negatively corre-
lated with the relative fulvic acid‐like concentration (Al‐Reasi 
et al. 2012). Our data only partially agreed: at pH 7 only, 
there was a significant negative correlation between SAC340 
and percentage fulvic-acid-like concentration (Fig. 2a). It is 
notable, however, that with size fractionation, for each DOC, 
there were consistent large increases in the percentage fulvic- 
acid-like component, large decreases in the percentage humic- 
acid-like component and substantial decreases in SAC340 in 
the smallest filtrate, <3 kDa (Supplementary Table S3). 

SAC340 appears to be an important index in predicting 
DOC effects on aquatic systems and organisms, and it exhib-
ited a very strong negative correlation with MWI under all 
pH conditions in the present study (Fig. 2, 3b). Thus, larger 
DOC molecules appear to be more aromatic, which agrees 
with the substantially lower SAC340 values in the <3-kDa 
fraction (Supplementary Table S3), as noted above. The 
chemical composition of DOC greatly affects its bio-
degradation in aquatic ecosystems (Mann et al. 2012;  
Wickland et al. 2012). DOCs with higher aromaticity and 
higher molecular weight are generally less biodegradable, 
and therefore are responsible for lower CO2 production, 
which is environmentally favourable in the current context 
of climate change (Palviainen et al. 2022). The aromaticity 
of DOC molecules is also often used as an indicator of their 
ability to protect against metal toxicity and to influence 
ionoregulation in aquatic organisms (Al-Reasi et al. 2011,  
2012, 2013; Duarte et al. 2016; Sadauskas‐Henrique et al. 
2019). We noted a decrease in SAC340 with the decrease in 
pH in all DOC sources with the exception of one, however, it 
remains unknown if this optical change is mirrored in the 
physiological effects. Interestingly, DOCs seem to be more 
effective in providing beneficial physiological effects at low 
pH (Wood et al. 2011; Morris et al. 2021), yet are less 
effective in binding metals at low pH (Tipping 1994;  
Christensen and Christensen 2000). This suggests that dif-
ferent sites on the large aromatic molecules are involved in 
the two different protective processes. 

FI is a well recognised indicator of DOC origin (McKnight 
et al. 2001). LM DOC was previously reported to be of 
allochthonous origin with relatively smaller FI values com-
pared to LO (Al‐Reasi et al. 2012; Sadauskas-Henrique et al. 
2021) and our results agree (Table 1). We observed that LO 
DOC had the smallest FI with high relative fulvic-acid-like 
concentrations and low relative humic-acid-like concentra-
tions at both pH values (Table 1, Fig. 1). FI was previously 
reported to be negatively correlated with the humic acid‐like 

component and positively correlated with the fulvic-acid-like 
component (Al‐Reasi et al. 2012). However, only in our 
combined pH 7 and 4 data is this trend present, and the 
correlations are neither significant nor strong (Fig. 2c). 
Notably, FI values were highest in the <3-kDa filtrates 
(Supplementary Table S3), indicating that the smaller mole-
cules in each DOC sample were more autochthonous in 
nature. 

As noted earlier, the change in FI values with the change 
in pH (Table 1) potentially reflected a change in the confor-
mation of DOC towards a fluorescence profile that is nor-
mally associated with that origin (i.e. either of allochthonous 
or autochthonous origin) and the fulvic-acid-like component 
is more sensitive to a change in pH relative to the humic- 
acid-like component (Patel-Sorrentino et al. 2002). The 
change in fluorescence with pH is likely due to the molecular 
orbital of excitable electrons being altered by ionisation 
(Laane 1980; Patel-Sorrentino et al. 2002). Macromolecular 
configuration could also offer an explanation. More rigid 
structures give better fluorescent yields; humic substances 
have a more linear structure at high pH and coil as pH 
decreases which may mask some of the fluorescence (Ghosh 
and Schnitzer 1980). Generally, allochthonous DOCs have 
been described as highly protective against metal toxicity 
and physiological disturbances (Al-Reasi et al. 2011; Wood 
et al. 2011; Al-Reasi et al. 2013). However, Al-Reasi et al. 
(2011) suggested that FI was a less successful predictor com-
pared to SAC340 because FI was unable to explain the 
variability in protection offered by DOC against copper 
and silver toxicity in fish. Based on our results we agree 
that FI is not as strong a predictor of DOC quality because of 
the mechanistic explanation offered above, and the impli-
cation that a change in FI is not necessarily a direct change 
in origin of the DOC. 

Our log KOW values ranged from −1.48 to −1.13 for pH 
7 and −1.09 to −0.66 for pH 4 (Table 1) which were 
similar to ranges for other DOC sources at pH 7, −1.92 to 
−0.97 (Al-Reasi et al. 2013) and −1.05 to −0.48 (Gjessing 
et al. 1999). The lipophilic nature of DOC is dependent on 
pH (Gjessing et al. 1999; Egeberg and Alberts 2002;  
Namjesnik‐Dejanovic and Cabaniss 2004). It is likely that 
this change in log KOW reflects actual changes within the 
DOC molecules with proton binding to anionic sites making 
the molecules more lipophilic; the charges on weak acid 
sites are neutralised thus decreasing the molecule polarity 
and less polar molecules will partition more readily into the 
non-polar octanol phase. This conclusion was reinforced by 
the significant negative regression relationships between 
log KOW and charge for the combined pH 7 and 4 data 
(Fig. 3e), and between log KOW and PBI at pH 7 (Fig. 3c). 
More ionised DOC molecules (higher molecular charge) will 
more readily partition into the polar water phase (‘like 
dissolves like’) and result in a lower log KOW. 

At pH 7 the DOCs (AP and LM) that were the most 
aromatic, more allochthonous, and had generally higher 
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relative humic-acid-like fluorophore concentrations, were 
also the least lipophilic, but at pH 4 the log KOW values of 
these DOCs lay intermediately within the range (Table 1). At 
both pH values, LO and PF were the most lipophilic and 
were the least aromatic, the most autochthonous and were 
among the lowest relative humic-acid-like fluorophore con-
centrations (Table 1, Fig. 1). Al-Reasi et al. (2013) likewise 
described LO to be more lipophilic when compared to LM. 
At pH 7, log KOW and SAC340 were strongly negatively 
correlated in our Pearson correlation matrix, such that 
more aromatic DOCs were less lipophilic (Fig. 2a), however, 
these indices were only moderately correlated at pH 4 
(Fig. 2b). Al-Reasi et al. (2011) concluded that there was 
no relationship between lipophilicity and the ability to bind 
metals; the present results suggest that at best, there is a 
weak negative relationship. At face value, greater lipophili-
city might favour interaction with the cell membranes of the 
gills, and this might explain why the physiological effects of 
DOC, in contrast to the metal-binding actions of DOC, are 
more pronounced at low pH where DOC lipophilicity is 
greater. Further biological studies should assess how DOCs 
with varying lipophilicity affect physiological measure-
ments at neutral and acidic pH. 

PBI, an indicator of the chemical reactivity of DOC, was 
developed for predicting the metal binding capacity of DOC 
by Al-Reasi et al. (2013) who proposed that it may also be 
useful to predict physiological influences of DOC. The PBI 
range for our DOC sources (Table 2) was from 0.09 for LO 
(lower than the previously reported 0.20) to 0.60 for LM 
(higher than the previously reported 0.44) (Al-Reasi et al. 
2013). DOCs with high PBI have been described to also have 
high SAC340 values (Al-Reasi et al. 2013). Our data show a 
similar trend: the two DOCs with the highest PBI also had 
the highest SAC340 values (AP and LM), likewise LO had the 
lowest PBI and SAC340 value (Table 1). PBI and SAC340 were 
strongly correlated at pH 7 and significantly correlated at 
pH 4, as well as in the combined data set (Fig. 2). Note 
though that PBI is a pH-independent value because it is 
calculated from all pH values measured during acid–base 
titration. log KOW and PBI were significantly negatively 
correlated at pH 7 only. As molecules become more lipo-
philic (i.e. higher log KOW) the PBI (i.e. chemical reactivity) 
decreases (Fig. 2a and 3c). 

The MWI is considered an inverse index of the mean 
molecular weight of DOC molecules (Dahlén et al. 1996;  
Peuravuori and Pihlaja 1997). Our size fractionation data 
generally showed that as DOCs were filtered through 
decreasing pore size, MWI increased (i.e. molecular weight 
decreased) and FI increased indicating more autochtho-
nous DOC (Supplementary Table S3). The MWI for LM was 
slightly higher than previously reported and LO was 
slightly lower (Table 1) (Al-Reasi et al. 2012; Sadauskas- 
Henrique et al. 2021). Relatively higher values of MWI 
have been noted for autochthonous DOC which are com-
posed of a large proportion of low molecular weight 

macromolecules (Al-Reasi et al. 2012). A higher MWI indi-
cates that LO has the lowest molecular weight followed by 
PF, with LM, AP and AS being very similar at both pH 
values (Table 1). This trend is generally supported by the 
percentage change in DOC concentration with size frac-
tionation by ultra-filtration (Supplementary Table S3). At 
pH 4, FI and MWI were significantly correlated (Fig. 2b).  
Sadauskas-Henrique et al. (2021) reported that SAC340 and 
MWI were negatively correlated. We noted a strong nega-
tive correlation that was significant at pH 4 and when the 
pH values were combined (Table 1, Fig. 3b). As MWI is an 
inverse index, this indicates that more aromatic DOCs also 
have larger molecular weights. The specific wavelength of 
254 nm may represent the maximum absorbance for all 
aromatic structures present in humic samples whereas 
280 nm is where electron transition occurs for some aro-
matic groups including phenolic arenes, polyenes and 
polycyclic aromatic hydrocarbons with two or more rings 
(Peuravuori and Pihlaja 1997). It has been suggested that 
the relative amount of aromatic moieties in the humic 
fraction increases with increasing molecular weight 
(Peuravuori and Pihlaja 1997). 

Conclusions 

Mechanistic understanding of DOC effects is crucial for 
future monitoring of aquatic environments and interpreting 
how different systems with different DOCs interact with the 
organisms that reside there. Overall, our results highlight 
that the physicochemical indices used to characterise DOCs 
are pH dependent, and as such should be interpreted care-
fully as it is likely that changes in the conformation rather 
than changes in the composition are altering the optical 
signatures. It should be noted that in previous works on 
optical indices they were all determined at a fixed pH 
(usually 7) because the pH dependence of absorbance and 
fluorescence spectra is well known. So in the application of 
those indices to characterise source waters the comparisons 
are valid when compared at the same fixed pH. On the other 
hand, higher log KOW (indicative of greater lipophilicity) 
and reduced charge at lower pH are undoubtedly real, 
resulting from proton binding. Our major findings that 
apparent aromaticity, apparent molecular weight and 
molecular charge all generally decreased with low pH 
while lipophilicity increased shows the importance of pH- 
specific characterisation of DOC. Additionally, these results 
indicate that the ecological function of DOC likely changes 
with natural acidification events such as increases in atmo-
spheric CO2 or anthropogenic influences such as acid mine 
drainage and acid rain. Further research is needed to deter-
mine if these changes are reflected in the physiological 
responses of aquatic organisms to DOC. Indeed, the present 
study has provided the background for a companion inves-
tigation on the rainbow trout (C. Morris et al., unpubl.) 
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evaluating the effects of these same DOC solutions on the 
transepithelial potential (TEP) across the gills, a sensitive 
indicator of biological effect (Galvez et al. 2008). In partic-
ular, we have established that the five chosen DOC sources 
differ widely in physicochemical indices and have critically 
evaluated the relationships among them. An important 
caveat is that our goal in this study was not to perform a 
comprehensive characterisation of spatial and temporal var-
iation within sites, but rather to collect discrete DOC stocks 
that had a range in characteristics in order to evaluate the 
relationships among indices, the effects of pH on these 
indices and the relationships of these indices on fish physi-
ology at two pH values in the companion study (C. Morris 
et al., unpubl. data). Some indices are strongly related to 
one another in a positive or negative fashion, whereas others 
are not, but these relationships vary with pH (Fig. 2 and 3). 
DOC quality has major impacts spanning trophic levels, DOC 
concentrations are rising in freshwaters and pH values are 
falling with climate change (reviewed by Sucker and Krause 
2010; Pagano et al. 2014). Indeed, pH should be considered 
when determining the ecological role of DOCs within 
aquatic ecosystems. 

Supplementary material 

Supplementary material is available online. 

References 
Al-Reasi HA, Wood CM, Smith DS (2011) Physicochemical and spectro-

scopic properties of natural organic matter (NOM) from various 
sources and implications for ameliorative effects on metal toxicity 
to aquatic biota. Aquatic Toxicology 103(3–4), 179–190. 
doi:10.1016/j.aquatox.2011.02.015 

Al-Reasi HA, Smith DS, Wood CM (2012) Evaluating the ameliorative 
effect of natural dissolved organic matter (DOM) quality on copper 
toxicity to Daphnia magna: improving the BLM. Ecotoxicology 21, 
524–537. doi:10.1007/s10646-011-0813-z 

Al-Reasi HA, Wood CM, Smith DS (2013) Characterization of freshwater 
natural dissolved organic matter (DOM): mechanistic explanations 
for protective effects against metal toxicity and direct effects on 
organisms. Environment International 59, 201–207. doi:10.1016/j. 
envint.2013.06.005 

Boggs S Jr, Livermore D, Seltz MG (1985) Humic substances in natural 
waters and their complexation with trace metals and radionuclides: a 
review. ANL‐84‐78 ON:DE85015539. (Argonne National Laboratory: 
Argonne, IL, USA) Available at https://www.osti.gov/servlets/purl/ 
5569909-5VbQOu/ 

Christensen JB, Christensen TH (2000) The effect of pH on the com-
plexation of Cd, Ni and Zn by dissolved organic carbon from leachate- 
polluted groundwater. Water Research 34(15), 3743–3754. 
doi:10.1016/S0043-1354(00)00127-5 

Curtis ID, Schindler DW (1997) Hydrologic control of dissolved organic 
matter in low order Precambrian Shield Lakes. Biogeochemistry 
36(1), 125–138. doi:10.1023/A:1005787913638 

Dahlén J, Bertilsson S, Pettersson C (1996) Effects of UV-A irradiation 
on dissolved organic matter in humic surface waters. Environmental 
International 22, 501–506. doi:10.1016/0160-4120(96)00038-4 

DePalma S, Arnold W, Mcgeer J, Dixon D, Smith S (2011) Variability in 
dissolved organic matter fluorescence and reduced sulfur concentra-
tion in coastal marine and estuarine environments. Applied 
Geochemistry 26, 394–404. doi:10.1016/j.apgeochem.2011.01.022 

Duarte RM, Smith DS, Val AL, Wood CM (2016) Dissolved organic 
carbon from the upper Rio Negro protects zebrafish (Danio rerio) 
against ionoregulatory disturbances caused by low pH exposure. 
Scientific Reports 6, 20377. doi:10.1038/srep20377 

Duarte RM, Wood CM, Val AL, Smith DS (2018) Physiological protec-
tive action of dissolved organic carbon on ion regulation and nitrog-
enous waste excretion of zebrafish (Danio rerio) exposed to low pH in 
ion poor water. Journal of Comparative Physiology – B. Biochemical, 
Systems, and Environmental Physiology 188, 793–807. doi:10.1007/ 
s00360-018-1169-y 

Egeberg PK, Alberts JJ (2002) Determination of hydrophobicity of 
NOM by RP‐HPLC and the effect of pH and ionic strength. Water 
Research 36, 4997–5004. doi:10.1016/s0043-1354(02)00228-2 

Erlandsson M, Cory N, Köhler S, Bishop K (2010) Direct and indirect 
effects of increasing dissolved organic carbon levels on pH in lakes 
recovering from acidification. Journal of Geophysical Research – 
Biogeosciences 115, G03004. doi:10.1029/2009JG001082 

Gaffney JS, Marley NA, Clark SB (1996) Humic and fulvic acids and 
organic colloidal materials in the environment. In ‘Humic and fulvic 
acids’. ACS Symposium Series 651(1), 2–16. (American Chemical 
Society) doi:10.1021/bk-1996-0651.ch001 

Galvez F, Donini A, Playle RC, Smith DS, O’Donnell MJ, Wood CM 
(2008) A matter of potential concern: natural organic matter alters 
the electrical properties of fish gills. Environmental Science and 
Technology 42, 9385–9390. doi:10.1021/es8005332 

Ghosh K, Schnitzer M (1980) Effects of pH and neutral electrolyte 
concentration on free radicals in humic substances. Soil Science 
Society of America Journal 44, 975–978. doi:10.2136/sssaj1980. 
03615995004400050020x 

Gjessing ET, Egeberg PK, Hikedal JT (1999) Natural organic matter in 
drinking water – the ‘NOM‐typing project’, background and basic 
characterization of the original water samples and NOM isolates. 
Environment International 25, 145–159. doi:10.1016/S0160- 
4120(98)00119-6 

Holland A, Stauber J, Wood CM, Trenfield M, Jolley DF (2018) 
Dissolved organic matter signatures vary between naturally acidic, 
circumneutral and groundwater‐fed freshwaters in Australia. Water 
Research 137, 184–192. doi:10.1016/j.watres.2018. 02.043 

Hourtané O, Rioux G, Campbell PGC, Fortin C (2022) Algal bioaccumula-
tion and toxicity of platinum are increased in the presence of humic 
acids. Environmental Chemistry 19, 144–155. doi:10.1071/EN22037 

Johannsson OE, Smith DS, Sadauskas‐Henrique H, Cimprich G, Wood 
CM, Val AL (2017) Photo‐oxidation processes, properties of DOC, 
reactive oxygen species (ROS), and their potential impact on native 
biota and carbon cycling in the Rio Negro (Amazonia, Brazil). 
Hydrobiologia 789, 7–29. doi:10.1007/s10750-016-2687-9 

Johannsson OE, Ferreira MS, Smith DS, Crémazy A, Wood CM, Val AL 
(2020) Effects of natural light and depth on rates of photo‐oxidation 
of dissolved organic carbon in a major black‐water river, the Rio 
Negro, Brazil. Science of the Total Environment 733, 39193. 
doi:10.1016/j.scitotenv.2020.139193 

Kroonenberg PM, Heiser WJ (1998) Parallel factor analysis with con-
straints on the configurations: an overview. In ‘Data science, classifi-
cation, and related methods’. (Eds C Hayashi, K Yajima, H‐H Bock, 
N Ohsumi, Y Tanaka, Y Baba) pp. 587–597. (Springer: Japan) 

Kullberg A, Bishop KH, Hargeby A, Jansson M, Petersen RC (1993) The 
ecological significance of dissolved organic carbon in acidified 
waters. Ambio 22(5), 331–337. doi:10.2307/4314098 

Laane R (1980) Conservative behaviour of dissolved organic carbon in 
the Ems–Dollart estuary and the western Wadden Sea. Netherlands 
Journal of Sea Research 14, 192–199. doi:10.1016/0077-7579(80) 
90021-6 

Mann PJ, Davydova A, Zimov N, Spencer RGM, Davydov S, Bulygina E, 
Zimov S, Holmes RM (2012) Controls on the composition and lability 
of dissolved organic matter in Siberia’s Kolyma River Basin. Journal 
of Geophysical Research 117, G01028. doi:10.1029/2011JG001798 

McKnight DM, Boyer EW, Westerhoff PK, Doran PT, Kulbe T, Andersen 
DT (2001) Spectrofluorometric characterization of dissolved organic 
matter for indication of precursor organic material and aromaticity. 
Limnology and Oceanography 46, 38–48. doi:10.4319/lo.2001.46. 
1.0038 

Morris C, Val AL, Brauner CJ, Wood CM (2021) The physiology of fish 
in acidic waters rich in dissolved organic carbon, with specific 

www.publish.csiro.au/en                                                                                           Environmental Chemistry 21 (2024) EN24021 

13 

https://doi.org/10.1071/EN24021
https://doi.org/10.1016/j.aquatox.2011.02.015
https://doi.org/10.1007/s10646-011-0813-z
https://doi.org/10.1016/j.envint.2013.06.005
https://doi.org/10.1016/j.envint.2013.06.005
https://www.osti.gov/servlets/purl/5569909-5VbQOu/
https://www.osti.gov/servlets/purl/5569909-5VbQOu/
https://doi.org/10.1016/S0043-1354(00)00127-5
https://doi.org/10.1023/A:1005787913638
https://doi.org/10.1016/0160-4120(96)00038-4
https://doi.org/10.1016/j.apgeochem.2011.01.022
https://doi.org/10.1038/srep20377
https://doi.org/10.1007/s00360-018-1169-y
https://doi.org/10.1007/s00360-018-1169-y
https://doi.org/10.1016/s0043-1354(02)00228-2
https://doi.org/10.1029/2009JG001082
https://doi.org/10.1021/bk-1996-0651.ch001
https://doi.org/10.1021/es8005332
https://doi.org/10.2136/sssaj1980.03615995004400050020x
https://doi.org/10.2136/sssaj1980.03615995004400050020x
https://doi.org/10.1016/S0160-4120(98)00119-6
https://doi.org/10.1016/S0160-4120(98)00119-6
https://doi.org/10.1016/j.watres.2018. 02.043
https://doi.org/10.1071/EN22037
https://doi.org/10.1007/s10750-016-2687-9
https://doi.org/10.1016/j.scitotenv.2020.139193
https://doi.org/10.2307/4314098
https://doi.org/10.1016/0077-7579(80)90021-6
https://doi.org/10.1016/0077-7579(80)90021-6
https://doi.org/10.1029/2011JG001798
https://doi.org/10.4319/lo.2001.46.1.0038
https://doi.org/10.4319/lo.2001.46.1.0038
https://www.publish.csiro.au/en


reference to the Amazon Basin: ionoregulation, acid–base regulation, 
ammonia excretion, and metal toxicity. Journal of Experimental 
Zoology – A. Ecological and Integrative Physiology 335, 843–863. 
doi:10.1002/jez.2468 

Namjesnik‐Dejanovic K, Cabaniss SE (2004) Reverse‐phase HPLC 
method for measuring polarity distributions of natural organic mat-
ter. Environmental Science and Technology 38, 1108–1114. 
doi:10.1021/es0344157 

Pace ML, Reche I, Cole JJ, Fernandez-Barbero A, Mazuecos IP, Prairie 
YT (2012) pH change induces shifts in the size and light absorption of 
dissolved organic matter. Biogeochemistry 108, 109–118. 
doi:10.1007/s10533-011-9576-0 

Pagano T, Bida M, Kenny JE (2014) Trends in levels of allochthonous 
dissolved organic carbon in natural water: a review of potential 
mechanisms under a changing climate. Water 6(10), 2862–2897. 
doi:10.3390/w6102862 

Palviainen M, Peltomaa E, Laurén A, Kinnunen N, Anne Ojala A, 
Berninger F, Xudan Zhu X, Pumpanen J (2022) Water quality and 
the biodegradability of dissolved organic carbon in drained boreal 
peatland under different forest harvesting intensities. Science of the 
Total Environment 806(4), 150919. doi:10.1016/j.scitotenv.2021. 
150919 

Patel-Sorrentino N, Mounier S, Benaim J (2002) Excitation–emission 
fluorescence matrix to study pH influence on organic matter fluores-
cence in the Amazon Basin rivers. Water Research 36, 2571–2581. 
doi:10.1016/S0043-1354(01)00469-9 

Petersen, RC (1991). The contradictory biological behavior of humic 
substances in the aquatic environment. In ‘Humic substances inaqua-
tic and terrestrial environment’. (Eds B Allan, H Boren, A Grimvall) 
pp. 369–390. (Springer) 

Peuravuori J, Pihlaja K (1997) Molecular size distribution and spectro-
scopic properties of aquatic humic substances. Analytica Chimica 
Acta 337(2), 133–149. doi:10.1016/S0003-2670(96)00412-6 

Pullin MJ, Cabaniss SE (1995) Rank analysis of the pH-dependent 
synchronous fluorescence spectra of six standard humic substances. 
Environmental Science & Technology 29(6), 1460–1467. doi:10.1021/ 
es00006a006 

Ratner B (2009) The correlation coefficient: its values range between 
+1/−1, or do they? Journal of Targeting, Measurement and Analysis
for Marketing 17, 139–142.

Sadauskas‐Henrique H, Wood CM, Souza‐Bastos LR, Duarte R, Smith D, 
Val AL (2019) Does dissolved organic carbon from Amazon black 
water (Brazil) help a native species, the tambaqui Colossoma macro-
pomum to maintain ionic homeostasis in acidic water? Journal of Fish 
Biology 94, 595–605. doi:10.1111/jfb.13943 

Sadauskas-Henrique H, Smith DS, Val AL, Wood CM (2021) 
Physicochemical properties of the dissolved organic carbon can 
lead to different physiological responses of zebrafish (Danio rerio) 
under neutral and acidic conditions. Journal of Experimental 
Zoology – A. Ecological and Integrative Physiology 335, 864–878. 
doi:10.1002/jez.2537 

Stedmon C, Markager S (2005) Resolving the variability in dissolved 
organic matter fluorescence in a temperate estuary and its catchment 
using PARAFAC analysis. Limnology and Oceanography Methods 50, 
686–697. doi:10.4319/lo.2005.50.2.0686 

Stedmon CA, Bro R (2008) Characterizing dissolved organic matter 
fluorescence with parallel factor analysis: a tutorial. Limnology and 
Oceanography Methods 6, 572–579. doi:10.4319/lom.2008.6.572 

Steinberg CEW, Kamara S, Prokhotskaya VY, Manusadžianas L, Karasyova 
TA, Timofeyev MA, Menzel R (2006) Dissolved humic substances – 
ecological driving forces from the individual to the ecosystem level. 
Freshwater Biology 51(7), 1189–1210. doi:10.1111/j.1365-2427.2006. 
01571.x 

Smith DS, Ferris FG (2001) Proton binding by hydrous ferric oxide and 
aluminum oxide surfaces interpreted using fully optimized continu-
ous pKa spectra. Environmental Science & Technology 35, 4637–4642. 

Sucker C, Krause K (2010) Increasing dissolved organic carbon concen-
trations in freshwaters: what is the actual driver? iForest – 
Biogeosciences and Forestry 3, 106–108. doi:10.3832/ifor0546-003 

Sun L, Perdue EM, McCarthy JF (1995) Using reverse osmosis to obtain 
organic matter from surface and ground waters. Water Research 
29(6), 1471–1477. doi:10.1016/0043-1354(94)00295-I 

Tipping E (1994) WHAM—a chemical equilibrium model and computer 
code for waters, sediments, and soils incorporating a discrete site/ 
electrostatic model of ion-binding by humic substances. Computers & 
Geosciences 20(6), 973–1023. doi:10.1016/0098-3004(94)90038-8 

Wenk J, Graf C, Aeschbacher M, Sander M, Silvio C (2021) Effect of 
solution pH on the dual role of dissolved organic matter in sensitized 
pollutant photo-oxidation. Environmental Science & Technology 
55(22), 15110–15122. doi:10.1021/acs.est.1c03301 

Wheeler JR (1976) Fractionation by molecular weight of organic sub-
stances in Georgia costal water. Limnology and Oceanography 21(6), 
846–852. doi:10.4319/lo.1976.21.6.0846 

Wickland KP, Aiken GR, Butler K, Dornblaser MM, Spencer RGM, 
Striegl RG (2012) Biodegradability of dissolved organic carbon in 
the Yukon River and its tributaries: seasonality and importance of 
inorganic nitrogen. Global Biogeochemical Cycles 26, GB0E03. 
doi:10.1029/2012GB004342 

Wood CM, Al‐Reasi HA, Smith DS (2011) The two faces of DOC. Aquatic 
Toxicology 105, 3–8. doi:10.1016/j.aquatox. 2011.03. 007 

Data availability. Data are available upon request. 

Conflicts of interest. The authors declare that they have no conflicts of interest. 

Declaration of funding. Supported by a Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery Grants (RGPIN-2017-03843, RGPIN- 
2023-03714) to C. M. Wood and (RGPIN-2020-04826) to D. S. Smith, and an Ages Foundation Fellowship from The rare Charitable Research Reserve to C. Morris. 
C. Morris also received a NSERC CGS-D Post-graduate Scholarship. 

Acknowledgements. The authors thank The rare Charitable Research Reserve, especially Jenna Quinn, Program Scientist – Research & Education, and Dr. Ora 
Johannsson for helpful comments. They also thank two anonymous reviewers whose advice improved the paper. 

Author contributions. The project was jointly conceived by C. Morris and C. M. Wood. C. Morris and S. Zulian did the experiments under the supervision of 
C. M. Wood and D. S. Smith respectively. C. J. Brauner provided advice. C. Morris wrote the first draft of the paper, C. M. Wood edited it, and all authors 
provided comments on the final version.

Author affiliations 
ADepartment of Zoology, University of British Columbia, Vancouver, BC, V6T 1Z4, Canada. 
BDepartment of Chemistry and Biochemistry, Wilfrid Laurier University, 75 University Avenue W, Waterloo, ON, N2L 3C5, Canada. 
CDepartment of Biology, McMaster University, 1280 Main Street West, Hamilton, ON, L8S 4K1, Canada.    

C. Morris et al. Environmental Chemistry 21 (2024) EN24021 

14 

https://doi.org/10.1002/jez.2468
https://doi.org/10.1021/es0344157
https://doi.org/10.1007/s10533-011-9576-0
https://doi.org/10.3390/w6102862
https://doi.org/10.1016/j.scitotenv.2021.150919
https://doi.org/10.1016/j.scitotenv.2021.150919
https://doi.org/10.1016/S0043-1354(01)00469-9
https://doi.org/10.1016/S0003-2670(96)00412-6
https://doi.org/10.1021/es00006a006
https://doi.org/10.1021/es00006a006
https://doi.org/10.1111/jfb.13943
https://doi.org/10.1002/jez.2537
https://doi.org/10.4319/lo.2005.50.2.0686
https://doi.org/10.4319/lom.2008.6.572
https://doi.org/10.1111/j.1365-2427.2006.01571.x
https://doi.org/10.1111/j.1365-2427.2006.01571.x
https://doi.org/10.1038/415862a
https://doi.org/10.1016/0043-1354(94)00295-I
https://doi.org/10.1016/0098-3004(94)90038-8
https://doi.org/10.1021/acs.est.1c03301
https://doi.org/10.4319/lo.1976.21.6.0846
https://doi.org/10.1029/2012GB004342
https://doi.org/10.1016/j.aquatox. 2011.03. 007
https://doi.org/10.3832/ifor0546-003

	A critical assessment of physicochemical indices used to characterise natural dissolved organic carbon (DOC), their inter-relationships, and the effects of pH
	Introduction
	Experimental methods
	Experimental solutions
	Optical characterisation of DOCs
	Specific absorbance coefficient at 340 nm
	Fluorescence index
	Molecular weight index
	Parallel factor analysis
	Octanol-water partition coefficient
	Size fractionation

	Proton binding index and molecular charge
	Statistical analysis

	Results
	Optical characterisation
	Proton binding index and molecular charge
	Size fractionation
	Correlations among the physicochemical characteristics of DOC related to pH

	Discussion
	Overview
	The physicochemical characteristics of DOCs: ecological and physiological implications

	Conclusions
	Supplementary material
	References




