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A B S T R A C T

Harmful algal blooms have become increasingly frequent due to the dual pressure of excessive nutrient loading
and climate change in recent years. Algal-derived dissolved organic matter (DOM) is a potentially large com-
ponent of the labile organic matter pool, and also climate warming may affect the DOM pool, although the
results on the latter so far are equivocal. The question of how eutrophication and climate warming may drive the
accumulation of autochthonous DOM is much debated. Here, we analysed published data on DOM world-wide
and field data that we collected from 97 lakes and major rivers in China (> 4500 samples) as well as results from
the longest running shallow-lake mesocosm climate experiment in the world at a research facility in Denmark.
Our results indicated that dissolved organic carbon (DOC) concentrations decreased with increasing temperature
and enrichment of δ13C-DOM. A negative relationship was found between latitude and %protein-like fluores-
cence, which increased significantly with increasing elevation and enrichment of δ13C-DOM. Specific ultraviolet
absorbance at 254 nm (SUVA) decreased with increasing elevation and enrichment of δ13C-DOM. Fluorescence
intensity of autochthonous microbial humic-like substances increased notably with eutrophication but decreased
weakly with warming. DOC, biodegradable DOC, chlorophyll-a, δ13C-DOC and autochthonous substances
identified using DOM fluorescence and high resolution mass spectrometry from the mesocosm experiment were
notably elevated at the high nutrient levels, while the effect of temperature was insignificant. We conclude that
while eutrophication promotes DOM, warming potentially suppresses the accumulation of autochthonous DOM
in inland waters.

1. Introduction

Inland waters transport, transform and store a large fraction of
dissolved organic matter (DOM) received from terrestrial ecosystems
and are key components of the global carbon cycle (Butman and
Raymond, 2011; Feng et al., 2013; Holgerson and Raymond, 2016;
Huang et al., 2018; Weyhenmeyer et al., 2015). Degradative processes

that act on freshly produced DOM can produce greenhouse gases and
less reactive DOM is exported downstream (Davidson et al., 2015;
Kellerman et al., 2015; Maberly et al., 2012; Weyhenmeyer et al.,
2012). DOM in inland waters is typically derived from soil organic
matter, decaying terrestrial vegetation (i.e. litter and organic-rich
layers) and autochthonous sources (e.g. phytoplankton). In productive
ecosystems, autochthonous DOM derived from algal sources has a
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higher turnover than terrestrially derived DOM, the latter having al-
ready undergone some form of microbial degradation or photo-
degradation before entering the surface waters (Paerl and Otten, 2013).
The biological DOM derived from microbial degradation of algae cells
represents a considerable fraction of bio-labile DOM (Paerl and Otten,
2013). Microbial cycling of the bio-labile DOM pool has been shown to
potentially fuel the outgassing of methane from lake waters (Bogard
et al., 2014; Repeta et al., 2016).

The response of autochthonous DOM to the dual pressure of climate
change and anthropogenic disturbance may impact the estimation of
global and regional carbon budgets (Butman and Raymond, 2011). Both
excess nutrients and climate change have been shown to favour dom-
inance of cyanobacteria (Kosten et al., 2012; Paerl and Huisman, 2008)
and result in accumulation of algal biomass in inland waters (Paerl and
Otten, 2013; Rosemond et al., 2015), which in turn may increase the
accumulation of autochthonous biological DOM. Nutrient enrichment
and climate warming may further stimulate microbial reworking of
particulate organic matter (POM) or terrestrial DOM precursors, aug-
menting the release of autochthonous DOM (Rosemond et al., 2015).
Elevated temperature results in enhanced decomposition of both POM
and DOM and changed sources and photo-chemical degradation during
DOM transport in the aquatic continuum preferentially removing
chromophoric DOM (CDOM) over the bulk dissolved organic carbon
(DOC) (Hur et al., 2011a; Massicotte et al., 2017).

In forest ecosystems, nutrient enrichment has been shown to be
more important than temperature in governing net primary production
(Fernández-Martínez et al., 2014), and eutrophication has been re-
vealed to override temperature in controlling greenhouse gas emissions
in shallow lake ecosystems (Davidson et al., 2015). Despite significant
amounts of research, the main drivers of the accumulation of auto-
chthonous DOM remain unclear. Land use (Kellerman et al., 2014;
Kellerman et al., 2015; Kothawala et al., 2014; Le et al., 2015), hy-
drology (Guo et al., 2014; Kellerman et al., 2014; Stedmon and
Markager, 2005), temperature (Kothawala et al., 2014) and nutrients
(Kellerman et al., 2014; Yao et al., 2011) have been suggested to in-
fluence the optical composition of DOM. To date, however, published
results are based on studies conducted in restricted geographical areas
(e.g. Sweden, China, etc.), and to the best of our knowledge, no global

overview exists on the interaction effects of eutrophication and
warming on DOM composition.

Climate change, eutrophication and intensified anthropogenic al-
terations of both terrestrial and inland aquatic ecosystems have in-
creasingly enhanced inputs of nutrients and DOM to the receiving
aquatic ecosystems (Massicotte et al., 2017). Organic and inorganic
nutrients released by photochemical and biological degradation of
DOM can, in turn, further enhance eutrophication of the receiving
waters (Zhang et al., 2009). Microbial and photochemical degradation
of DOM is constrained by its chemical composition (Kellerman et al.,
2015; Spencer et al., 2014; Vonk et al., 2015), the compositional
transformation of the inland water DOM pool can potentially change
ecosystem functioning (Zhang et al., 2010). Integrative studies unifying
existing ecosystem or site-specific knowledge of the fate and composi-
tional dynamics of DOM across trophic and temperature gradients is
therefore needed.

The objective of this study was to elucidate the relative contribution
of eutrophication and climate change to boosting the accumulation of
autochthonous CDOM in inland waters. Eutrophication has been re-
peatedly shown to transform ecosystem structure and function, whereas
climate change effects are generally more subtle as increased tem-
perature may result in both elevated primary production and respira-
tion (Evans et al., 2006; Monteith et al., 2007; Paerl and Otten, 2013).
We, therefore, hypothesised that eutrophication effects are more im-
portant in the control of the accumulation of autochthonous DOM than
climate warming. Our study included three elements to assess the dri-
vers of autochthonous CDOM in inland waters: (i) direct measurements
of DOC concentrations and optical measurements (absorption and
fluorescence) of CDOM in inland waters (lakes, rivers and streams)
obtained from worldwide datasets comprising different climates and
elevations (n=2637; Fig. 1); (ii) optical measurements of a total of
1919 samples collected from 97 lakes and major rivers in China during
2005 to 2017, covering large climatic and altitudinal gradients; (iii)
data collected from the longest running freshwater mesocosm climate
experiment in the world conducted in Denmark.

Fig. 1. Spatial distribution of natural loga-
rithm-normalised dissolved organic carbon
Ln(DOC) in inland surface waters world-
wide (left panel, in mg L−1, n=3402).
Spatial distribution of microbial-derived
humic-like component (Ex/Em=250/
400 nm, in Raman Unit, upper right) in
Sweden based on data obtained from
Kellerman et al. (2015). Spatial variations
of microbial humic-like component (Ex/
Em=240/380 nm) across China (in Raman
Unit, lower right).
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2. Materials and methods

2.1. Data acquisition

We performed literature searches using the keywords ‘dissolved
organic matter’, ‘DOM’, ‘chromophoric dissolved organic matter’,
‘CDOM’, ‘dissolved organic carbon’, ‘DOC’, ‘DOM fluorescence’ and ei-
ther ‘lake’ or ‘river’ on Web of Science and Google Scholar in November
2017. We further searched for additional studies in the literature listed
in the references of relevant papers. We also included our own dataset
consisting of 1919 samples (~1000 samples with only optical mea-
surements, i.e. CDOM absorption and fluorescence) collected from 97
lakes and major rivers in China (Fig. 1).

We included only inland water bodies (lakes and ponds with an
area > 0.01 km2, rivers and streams with a width > 1m) where the
DOC concentration was reported or made available by the authors. We
further excluded data collected from steady waters, including bogs and
fens etc., to avoid any interference from possible point-source con-
taminations (wastewater or waste leachate etc.) from the watersheds. In
total, direct measurements of DOM-related data from 4556 water
samples (among which 3402 DOC concentrations were available) col-
lected from inland waters worldwide were included (Fig. 1). In many
studies, elevation was not reported directly but could be derived from
http://haiba.qhdi.com/ based on reported longitude and latitude with a
precision of< 30m. Sampling time for most of the sites (n=3953) and
temperature of a limited number of sites (n=1355) were obtained
from the literature, and the reported temperature was validated using
ArcGIS-derived multi-year (1960s–1990s) annual mean temperature
obtained from http://www.worldclim.org/current (Figs. S1, S2).

2.2. Mesocosm experiment

Control experiment was undertaken using the world's longest run-
ning mesocosm experiment (since August 2003 to the present) in
Lemming, Denmark (56.23°N, 9.52°E) with the aim to elucidate the
effects of climate change on aquatic environments (Davidson et al.,
2015; Liboriussen et al., 2005). The outdoor facility consists of 24 fully
mixed, flow-through mesocosms (diameter= 1.9 m, water
depth=1m, retention time=~2.5months) exposed to six different
treatments: three temperature levels crossed with two nutrient con-
centrations, each treatment being run in four replicates. The three
temperature treatments are divided into: unheated ambient tempera-
ture (AMB), the A2 scenario described by the IPCC (Houghton et al.,
2001) and the A2 scenario +50% (A2+). Mean temperatures in the A2
and A2+ scenarios range from +2–4 °C to +4–6 °C, respectively, re-
lative to AMB determined from regional downscaling of the GCM
models (Davidson et al., 2015). The water temperature in the meso-
cosms exhibited seasonal dynamics reflecting the fluctuations in air
temperature. The mesocosms include sediment collected from several
lakes, which was homogenised prior to the start of the experiment in
2003, and the initial conditions for individual mesocosms were iden-
tical. All 24 mesocosms are fed by groundwater, and the low-nutrient
group receives no extra nutrient addition. Mean TN and TP for the low-
nutrient group are 0.23 ± 0.06mg L−1 and 12.8 ± 3.5 μg L−1, re-
spectively. In comparison, the loadings of the high-nutrient group are
7.0 ± 0.0mg P m−2 day−1 and 27.1 ± 0.0mgNm−2 day−1, yielding
mean TN and TP concentrations in the high-nutrient group of
3.53 ± 0.64mg L−1 and 186 ± 40 μg L−1, respectively (Davidson
et al., 2015). The nutrient treatments typically resulted in a macro-
phyte-dominated clear state and an algal-dominated turbid state in the
low and high nutrient mesocosms, respectively.

Water samples were collected from the mesocosms twice per day (at
07:00 and 19:00) once a week for eight weeks from June to August
2016. A total of 387 water samples (24 mesocosms × 2 times per day
× 8weeks +3 source water) were collected in acid-cleaned Niskin
bottles; immediately upon collection, the samples were first filtered

through pre-combusted (450 °C for 4 h) Whatman GF/F filters (0.7 μm)
and then through pre-rinsed Millipore filters (0.22 μm). The chlor-
ophyll-a (Chl-a) concentrations in the mesocosm samples collected at
07:00 in the 8-week experimental period (24 tanks × 1 time per week
× 8weeks) served as proxy for the biomass of phytoplankton.

Samples collected at 07:00 in the sixth week of the experiment were
used for microbial incubation and δ13C-DOC measurements to test the
biolability of DOM in different treatments. We assumed that biolability
of DOM and δ13C-DOC in the individual mesocosms varied minimally
during the mesocosm experiment as DOC and the optical measurements
of DOM changed insignificantly during the experiment. Approximately
50mL water from each sample was passed through Millipore membrane
cellulose filters (0.22 μm, to remove most of the microbial biomass) and
stored in 60mL acid-cleaned bottles. The bacterial inoculums were
prepared by adding to the bottles ~2mL raw water collected from the
corresponding mesocosms. The samples received nutrient amendment
and were incubated at room temperature in the dark for 28 days fol-
lowing the method detailed in Vonk et al. (2015) and Abbott et al.
(2014) and then filtered again through Millipore 0.22 μm filters. Caps
were placed loosely on the bottles to avoid anoxia and the bottles were
shaken gently several times every day to allow air exchange. The water
volume was recorded during the incubation experiment and DOC con-
centrations after 28 days were adjusted for possible evaporation losses.
Biodegradable DOC (BDOC, %) was calculated as the difference be-
tween the percentage before incubation and after 28 days of incubation
divided by the initial DOC concentration prior to the incubation (Vonk
et al., 2015).

2.3. CDOM optical spectroscopy measurements and data processing

Optical measurements of CDOM, including absorption and fluores-
cence, have been considered efficient and informative techniques to
trace the structure and reactivity of CDOM (Coble, 2007; Kellerman
et al., 2015; Murphy et al., 2008; Osburn et al., 2012; Stedmon and
Markager, 2005). In our study, all samples were first filtered through
pre-combusted (450 °C for 4 h) Whatman GF/F filters (0.7 μm) and then
through pre-rinsed Millipore filters (0.22 μm) under low pressure for
CDOM absorption and fluorescence measurements. Our field samples
from lakes and major rivers in China were immediately filtered and
stored in the dark at 4 °C. CDOM optical measurements were generally
completed within four days after sampling as described in detail in the
Supporting Information. The absorption coefficients at 254 and 350 nm,
i.e. a(254) and a(350), which have been widely used in various studies
(Kellerman et al., 2015; Spencer et al., 2012; Stedmon et al., 2015;
Stedmon et al., 2007), were applied in this study as a proxy of CDOM
abundance. The specific ultraviolet absorption of DOC at 254 nm
(SUVA) is considered to increase with increasing aromaticity of CDOM
molecules (Spencer et al., 2012). Detailed information about the mea-
surements, calibration and normalisation (in Raman Unit, R.U.) of
CDOM excitation-emission matrices (EEMs) can be found in the Sup-
porting Information.

Humification index (HIX), defined as the ratio of fluorescence in-
tensity integration at 435–480 nm to 300–345 nm, both excited at
254 nm (255 nm was used in this study as the spectra have excitation
intervals of 5 nm), was calculated. HIX increased with increasing CDOM
aromaticity (Zhou et al., 2017). Parallel factor analysis (PARAFAC) has
proven a useful technique in interpreting EEMs by decomposing them
into individual fluorescent components with no prior knowledge about
their shape and number. For further details see the Supporting In-
formation.

The spectral shapes of the six components were compared with
published PARAFAC model results using an online spectral library
called OpenFluor (Murphy et al., 2014) (Fig. 2; Fig. S3). C1 had two
excitation maxima (at ≤230 and 340 nm), corresponding to a single
emission maximum (460 nm) and representing terrestrial humic-like
materials (Kothawala et al., 2014; Murphy et al., 2011; Stedmon et al.,
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2007). C2 had an excitation maximum and emission (Ex/Em=245/
412 nm) similar to those of agricultural humic-like substances or ter-
restrial-derived reprocessed materials (Osburn et al., 2012). C3 dis-
played two excitation maxima (at 240 and 300 nm) and a single
emission maximum (380 nm) can be categorised as microbial humic-
like compounds (Murphy et al., 2011; Osburn et al., 2011). C4 (≤
230(270)/300 nm) showed spectral features similar to those of tyr-
osine-like substances (Graeber et al., 2012). C5 (≤ 230(285)/340 nm)
and C6 (275/324 nm) displayed spectral shapes similar to those of
tryptophan-like materials or amino acids (Murphy et al., 2013; Murphy
et al., 2008). These two protein-like components (C5-C6) can be ori-
ginate either from the presence of tannin-like polyphenolic moieties
within the DOM (Hur et al., 2011b; Maie et al., 2007) or from algal
degradation (Zhang et al., 2009).

PCA generates a reduced data array by summarising the majority of
variables without prior knowledge of the dataset (Bro and Smilde,
2014). PCA for the samples collected from inland waters in China was
conducted on six parameters including a(350), the fluorescent compo-
nents C1-C3 and C5-C6. Data on the samples collected from lakes in
Sweden was obtained from a reference (Kellerman et al., 2015) and
reprocessed for PCA, and PCA was conducted on a(254), SUVA, DOC,
DON, DOC:DON, HIX and the six components detailed in the reference
(Kellerman et al., 2015). PCA for the mesocosm experiment was con-
ducted on a(350), DOC, SUVA, HIX and the fluorescent components C1-
C3 and C5-C6. All data arrays were preprocessed by autoscaling (first
mean centered by subtracting the average of each column and then
scaled by dividing each column by its standard deviation) prior to PCA
(Bro and Smilde, 2014). PCA in this study was performed using the
inbuilt statistics toolbox in MATLAB R2015b.

2.4. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) and data processing

Recently, a growing number of studies have revealed that electro-
spray ionization coupled with high resolution mass measurements of-
fered by Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) can be used to trace the dynamics of DOM at molecular
level in various aquatic ecosystems (Kellerman et al., 2015; Spencer
et al., 2014; Stubbins et al., 2010). Samples collected from the three
temperature levels crossed with two nutrient treatments were solid-
phase extracted with PPL Bond Elut (Agilent) resins before electrospray
ionization FT-ICR MS (negative ion mode) (Spencer et al., 2014). De-
tailed information about FT-ICR MS pretreatment, measurements and
calibration can be found in the Supporting Information.

The van Krevelen diagrams provide graphical plots of elemental H/
C ratios against O/C ratios in molecular formulas, allowing identifica-
tion of possible DOM sources (Kellerman et al., 2015; Ohno et al., 2014;

Spencer et al., 2014; Stubbins et al., 2010; Zhao et al., 2017), and the
biomolecular chemical classes typically include (i) lipids (O/C=0–0.3,
H/C=1.5–2.0), (ii) proteins and amino acids (O/C=0.3–0.67, H/
C=1.5–2.2), (iii) lignins/CRAM (O/C=0.1–0.67, H/C=0.7–1.5),
(iv) carbohydrates (O/C=0.67–1.2, H/C=1.5–2.2), (v) unsaturated
hydrocarbons (O/C=0–0.1, H/C=0.7–1.5), (vi) condensed aromatics
(O/C=0–0.67, H/C=0.2–0.7) and (vii) tannins (O/C=0.67–1.2, H/
C=0.5–1.5) (Ohno et al., 2014).

2.5. Stable isotopes δ13C-DOC, δ2H and δ18O and other measurements

The stable isotope δ13C-DOC can be used to investigate the sources
of DOC as terrestrial humic-rich DOM usually had a δ13C-DOC range
from −29‰ to −26‰ and autochthonous protein-like DOM a range
from −25‰ to −20‰ (Hood et al., 2009; Osburn et al., 2011; Zhou
et al., 2017).

Water stable isotopes, i.e. δ2H and δ18O, can be used to trace the
source of water as enhanced evaporation resulted in enriched δ2H and
δ18O values (Stedmon et al., 2015; Yamamoto-Kawai, 2005). Elevated
autochthonous DOM accumulation likely reduced the specific heat ca-
pacity of waters collected from the high-nutrient group and thereby
resulted in an enrichment of δ2H and δ18O. In this study, the stable
isotopes δ13C-DOC, δ2H and δ18O of the samples collected at 5 cm depth
were used in conjunction with an assessment of the compositional dy-
namics of CDOM in the mesocosms with different treatments (see
Supporting Information for details).

Water samples were filtered through Whatman GF/F (0.7 μm) filters
and DOC measurements were made using a TOC-V CPN (Shimadzu,
Tokyo, Japan) analyzer by combustion at ~680 °C. The Chl-a con-
centrations were determined spectrophotometrically at 665 and 750 nm
after extraction with ethanol by high speed centrifuging (3000 g for
10min). Details about the methods used to determine total nitrogen
(TN) and total phosphorous (TP) for part of the field samples collected
from China can be found in Zhang et al. (2010). The trophic level index
(TLI) for the samples collected from Yungui Plateau was calculated
using Secchi disk depth, TN, TP and Chl-a (Zhang et al., 2010).

2.6. Statistical analyses

Mean, standard deviation, linear regression and t-test were under-
taken using R-studio 0.97.551 (R i386 2.15.2) software. Spatial dis-
tribution of CDOM-related indices was determined with ArcGIS 10.2
and MATLAB R2015b software. p-value< .05 was reported as sig-
nificant for linear regression and t-test. Mean values were obtained plus
or minus their standard deviations (SD).

Fig. 2. Spectral characteristics of the six components identified by PARAFAC modeling. The model was validated using split-half validation procedure (Fig. S3).
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3. Results

3.1. General characteristics of DOM

Literature-reported and ArcGIS-derived (obtained from http://
www.worldclim.org/current) temperature of all the data compiled de-
creased with increasing latitude and elevation (Fig. S1; Fig. S2).
Approximately 45% of the compiled data were collected repeatedly
from the same sites all year round (Fig. S1; Fig. S2). DOC concentrations
for all sites together ranged from ~0.1 to>100mg L−1, with the
majority of the data record covering latitudes from 20°S to 70°N
(Fig. 1). DOC concentrations increased significantly with increasing
latitude (p < .001) and decreased with enrichment of δ13C-DOM
(p < .001) (Fig. 3). No significant relationship was found between
elevation and DOC concentrations (Fig. 3). We found a negative re-
lationship between the literature-reported temperature and DOC con-
centrations (p < .01), and this was validated by the relationship be-
tween multi-year (1960s–1990s) annual mean temperature (http://
www.worldclim.org/current) and DOC (p < .001, Fig. S4). A relatively
high concentration of autochthonous microbial humic-like fluorescent
component (250/400 nm) was recorded in boreal and north temperate
areas in Sweden (Kellerman et al., 2015) compared with temperate
areas at lower latitudes (Stedmon and Markager, 2005; Zhou et al.,
2017). In China, relatively high microbial humic-like C3 (240/380 nm)
was recorded in eutrophic lakes in the middle and lower reaches of
Yangtze River and the Yungui Plateau and in several eutrophic brine
lakes in the Tibetan Plateau. Most of the sites showing high contribu-
tions of protein-like fluorescence (%protein-like fluorescence) were
found between 20°N to 50°N (Fig. 3). A negative relationship was traced
between latitude and %protein-like fluorescence (p < .001), and %
protein-like fluorescence increased significantly with increasing

elevation (p < .01) and enrichment of δ13C-DOM (p < .001) (Fig. 3).
Negative relationships also occurred between %protein-like fluores-
cence and the literature-reported temperature, the multi-year mean
temperature derived (p < .001; Fig. S4). In comparison, specific ul-
traviolet absorbance at 254 nm (SUVA) decreased with increasing ele-
vation and enrichment of δ13C-DOM (p < .001) (Fig. 3). No significant
relationship was discovered between latitude and SUVA (Fig. 3) or
between literature-reported temperature and SUVA (Fig. S4). Our re-
sults therefore indicated, on the one hand, that increased temperature
likely fuels algal blooms and thereby elevated the contribution per-
centage of autochthonous protein-like fluorescence and, on the other
hand, enhanced the decomposition of DOC.

3.2. PCA and correlation analyses

In the PCA analysis of the PARAFAC components from field samples
collected in China, the first two principal components, PC1 and PC2,
explained 61.5% and 17.6%, respectively, of the variability in the data
(Fig. 4a). a(350), C1-C3 and C5-C6 all showed positive PC1 loadings
(Fig. 4a). This implies that PC1 is positively related to the concentration
of both allochthonous and autochthonous CDOM. Relatively high scores
of PC1 were recorded in eutrophic lakes in the middle and lower
reaches of Yangtze River and Yungui Plateau, in eutrophic brine lakes
in the Tibetan Plateau as well as in Lake Hulun and Lake Beier in north-
east China (Fig. 4b). Microbial humic-like C3 increased significantly
with PC1 scores (p < .001, Fig. 4c), and a(350) decreased with in-
creasing elevation (p < .001, Fig. 4d). This indicated that eu-
trophication overrode temperature in enhancing the accumulation of
autochthonous DOM fluorescence in Chinese lakes.

In the PCA analysis of the data obtained from (Kellerman et al.,
2015) on samples collected from Sweden, PC1 and PC2 explained

Fig. 3. Relationships between Abs(Latitude) and Log10(DOC) (a), the contribution percentage of protein-like fluorescence (%protein-like fluor) (b) and the specific
ultraviolet absorption at 254 nm (SUVA, c). Relationships between elevation and Log10(DOC) (d), %protein-like fluor (e) and SUVA (f). Relationships between δ13C-
DOM and Log10(DOC) (g), %protein-like fluor (h) and SUVA (i).
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61.4% and 20.0% of total variance. All variables except for the protein-
like component C6 (Kellerman et al., 2015) displayed positive PC1
loadings (Fig. 4e). This suggests that PC1 is positively associated with
the concentration of allochthonous CDOM but negatively with auto-
chthonous CDOM. Relatively high PC1 scores were recorded in central
south Sweden (Fig. 4f), while relatively low PC1 scores were found at
sites located in Scandinavian mountainous areas (Fig. 4f). Significant
positive relationships occurred between latitude (lower temperature)
and the relative abundance of lipids and proteins or amino sugars
identified by FT-ICR MS (Fig. 4g) in Sweden (Kellerman et al., 2015).
This indicated that increased temperature likely enhanced the decom-
position of autochthonous lipids and proteins. Close relationships were
documented between the microbial component 250/400 nm and a(254)
(p < .001, Fig. 4h) and DOC (p < .001, Fig. 4 h).

We recorded a significant negative relationship between elevation
and ArcGIS-derived multi-year (1960s–1990s) annual mean tempera-
ture for the samples collected at the Yungui Plateau in China at ele-
vations ranging from<1000m to>4000m (r2= 0.84, p < .001, Fig.
S5). Autochthonous microbial humic-like C3 (240/380 nm) increased
significantly with increasing TN (r2= 0.74, p < .001, Fig. 5a), Chl-a
(r2= 0.76, p < .001, Fig. 5a), TP (r2= 0.52, p < .001) and TLI

(r2= 0.80, p < .001, Fig. 5b), and C3 decreased significantly with
increasing elevation (r2= 0.13, p < .001, Fig. 5c). This indicated that
eutrophication rather than warming enhanced the accumulation of
autochthonous C3.

3.3. Mesocosm experimental results

Notably higher mean Chl-a, DOC, a(350) and the autochthonous
PARAFAC components C3, C5 and C6 were recorded in the high-nu-
trient in comparison with the low-nutrient group (t-test, p < .005,
Fig. 6; Fig. S6; Table S1). No significant difference was, however, re-
vealed between the mean of the six parameters (i.e. Chl-a, DOC, a(350),
C3, C5 and C6) in different temperature scenarios with the same nu-
trient treatment (t-test, p > .05, Fig. 6; Fig. S6). The F value of two-way
ANOVA analysis of the effects of nutrients is notably higher than tem-
perature and the interaction effects of nutrient and temperature on DOC
and the Fmax of autochthonous C3 and C5 (Fig. S6; Table S2). In the PCA
analysis, the first two principal components, PC1 and PC2, explained
62.9% and 22.7%, respectively, of the variability in the data array
(Fig. 6). All variables, including DOC, a(350), SUVA, PARAFAC com-
ponents C1-C3, C5, C6 and the HIX displayed positive loadings, which

Fig. 4. PCA of the optical characteristics of CDOM samples collected from inland waters in China (a) and the corresponding spatial distribution of PC1 scores in China
(b). Relationships between PC1 scores and microbial humic-like C3 for samples collected in China (c); colours denote Fmax of agricultural humic-like C2.
Relationships between Ln(Altitude) and a(350) in China (d); colours show Fmax of C3. PCA of the optical characteristics of CDOM samples collected from lakes in
Sweden (e) and the corresponding spatial distribution of PC1 scores in Sweden (f), data derived from Kellerman et al. (2015). van Krevelen diagrams for the samples
collected in Sweden; colours display the r (only values of |r| > 0.2 were included) of Spearman correlation between the relative abundance of compounds identified
by FT-ICR-MS and the latitude of the collected samples (g). Relationships between a(254) and Fmax of an autochthonous microbial humic-like component (250/
400 nm) identified by Kellerman et al. (2015); colours show DOC concentrations (mg L−1).

Fig. 5. Relationships between TN and microbial humic-like C3; colour denotes Chl-a concentration (μg L−1, a), relationships between trophic level index (TLI) and
C3; colour represents elevation (m, b), and between elevation and C3; colour stands for TN concentration (mg L−1, c). The samples were collected from Yungui
Plateau in China.
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implies that PC1 is positively related to the concentrations of auto-
chthonous DOM as the allochthonous DOM input was identical for all
mesocosms. Markedly higher PC1 scores were noted in samples from
the high-nutrient group compared with the low-nutrient group (paired
t-test, p < .001, Fig. 6). No significant difference was observed be-
tween the mean PC1 scores between the different temperature scenarios
within the same nutrient treatment (t-test, p > .05, Fig. 6). Fmax values
of all the six components were significantly higher in the high-nutrient
group than in the low-nutrient group (paired t-test, p < .001, Fig. 6,
Table S1) indicating that eutrophication overrode warming in fueling
the accumulation of autochthonous DOC and DOM. It is also notable
that mean Chl-a, DOC, a(350) and the Fmax values of C1, C2, C4 and C6
were lower for the A2+ treatments than for the A2 mesocosms (Table
S1).

Significantly enriched mean δ13C-DOC (−25.4 ± 0.4‰) was re-
corded for the samples from the high-nutrient group compared with
those of the low-nutrient group (−26.7 ± 0.9‰) (t-test, p < .005,
Table S1). Mean δ13C-DOC for the source water was −27.2 ± 0.1‰
(Fig. 6). No significant difference was observed between mean δ13C-
DOC in the different temperature scenarios within the same nutrient
treatment (t-test, p > .05, Fig. 6, Table S1). Mean δ2H and δ18O were
more enriched in the samples from the high-nutrient group
(−42.9 ± 3.2‰ and− 5.0 ± 0.9‰, respectively) than for the low-
nutrient group (−44.0 ± 6.5‰ and− 5.3 ± 1.1‰, respectively) (t-
test, p < .005, Table S1). Mean δ2H and δ18O of source water
were− 55.9 ± 0.1‰ and− 8.3 ± 0.3‰, respectively. Mean δ2H and
δ18O increased (became enriched) with increasing temperature (t-test,
p < .001, Table S1). Significant positive relationships were recorded
between the autochthonous microbial humic-like C3 and δ2H
(r2= 0.14, p < .001, Fig. 6) and δ18O (r2= 0.11, p < .001, Fig. 6).
Close relationships were observed between C3 and δ13C-DOC
(r2= 0.41, p < .001, Fig. 6) and between C3 and Chl-a (r2= 0.75,
p < .001, Fig. 6) during the sixth week of the mesocosm experiment.
There was also a close relationship between C3 and Chl-a (r2= 0.36,
p < .001, Fig. S7) when all mesocosm data were pooled indicating that
the microbial humic-like C3 was likely biologically produced from algal
degradation.

A large fraction of autochthonous DOM accumulated in the meso-
cosms with extra nutrient addition was highly bio-available. BDOC
ranged from 0 to 55.1% after 28 days incubation (Fig. S7) and one
sample (low nutrient) was repeatedly identified as an outlier and was
not considered in the further analyses. Significantly higher BDOC was
recorded for the samples collected from the high-nutrient group

(28.4 ± 15.7%) compared with the low-nutrient group (7.9 ± 15.8%)
(t-test, p < .001, Fig. S7). Significant relationships were detected be-
tween BDOC and DOC (r2= 0.57, p < .001, Fig. S7) and between
BDOC and Fmax of the autochthonous microbial humic-like C3
(r2= 0.41, p < .001, Fig. S7). No significant impact was found of the
temperature treatment on the variability of BDOC.

In this study, the DOM samples collected from different treatment
mesocosms contained 5739–12,603 assigned formula peaks, and auto-
chthonous lipids, proteins and amino acids contributed 1530–2251
peaks, or 15%–31%, of the total assigned formulas (Fig. 7; Table S3).
Both the number of assigned formulas and the relative abundance of
lipids, proteins and amino acids were notably higher in the high nu-
trient treatments than in the low nutrient treatments at all temperature
levels except for the AMB group (Fig. 7; Table S3). No noticeable in-
crease in the number of assigned formulas, contribution percentages or
the relative abundance of autochthonous FT-ICR MS identified lipids,
proteins and amino acids was recorded with increasing temperature
(Fig. 7; Table S3). Therefore, a large fraction of biological DOM mole-
cules accumulated in the mesocosms that receive extra nutrient addi-
tion.

4. Discussion

Our results suggest that eutrophication promotes and warming
likely suppresses the accumulation of autochthonous DOM and poten-
tially its bioavailability in inland waters.

In the mesocosm experiment, we found markedly higher mean va-
lues of δ2H, δ18O, δ13C-DOC, Chl-a, DOC, a(350), autochthonous C3, C5
and C6, and higher abundance of lipids, proteins and amino-acids in the
high- than the low-nutrient group for all temperature scenarios
(Figs. 6–7; Fig. S6; Tables S1–S3). This supports the idea that eutrophic
effects likely override those of climate warming, leading to accumula-
tion of autochthonous DOM. Nutrient enrichment and DOM accumu-
lation may result in a lower specific heat capacity of the water column
and thereby enriched δ2H and δ18O. As the source water of the meso-
cosm experiment displayed depleted δ2H, δ18O and δ13C-DOC sig-
natures, the positive relationships between the microbial humic-like C3
and δ2H, δ18O and δ13C-DOC (Fig. 6c-d) indicate that substantial
quantities of autochthonous DOM accumulated in the high-nutrient
group and markedly less in the low-nutrient group. The positive effects
of eutrophication are further evidenced by the notably higher mean
Fmax of the microbial humic-like C3 in eutrophic lakes in the middle-
lower Yangtze Plain and Yungui Plateau when compared with

Fig. 6. Loadings (a) and scores (b) of the
principal component analysis of optical
characteristics of the CDOM samples col-
lected in the mesocosm experiment. Circles:
unheated ambient temperature (AMB);
squares: the A2 scenario described by IPCC;
triangles: A2 scenario +50% (A2+). Open
and filled dots stand for low- and high-nu-
trient groups, respectively. Colours denote
the fluorescence intensity of autochthonous
microbial humic-like C3 (in R.U.).
Relationships between the microbial humic-
like C3 and stable isotope δ2H; colours
display δ18O values (c), and between C3
and δ13C-DOC, error bars are the standard
deviations of C3 in each mesocosm during
the 8-week sampling period. Colour denotes
chlorophyll-a (Chl-a) concentrations (d).
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oligotrophic or mesotrophic lakes in the same temperature zone
(Fig. 1). In particular the significant positive relationships between
microbial humic-like C3 and TN, TP, TLI and Chl-a for the samples
collected from the Yungui Plateau, China (Fig. 5a–c), provide evidence
that eutrophication is a major driver of autochthonous DOM accumu-
lation. Furthermore, the significant association between autochthonous
microbial humic-like C2 (250/400 nm) and a(254), a proxy of trophic
level (Zhang et al., 2018), and between C2 and DOC for the Swedish
samples (Fig. 4h) (Kellerman et al., 2015; Kothawala et al., 2014), point
to the importance of nutrient enrichment. Increased nutrient con-
centrations likely lead to enhanced accumulation of DOM-rich algal
biomass (Zhang et al., 2010), which develops into autochthonous labile
DOM once the algal cells degrade (Paerl and Otten, 2013; Zhang et al.,
2009).

Autochthonous DOM decreased with warming as increased eleva-
tion (lower temperature) resulted in enhanced autochthonous %pro-
tein-like DOM fluorescence and decreased SUVA for the globally com-
piled data (Fig. 3e–f). That SUVA decreased with increasing elevation
(Fig. 3f) suggests a potential for enhanced degradation of humic sub-
stances and accumulation of autochthonous DOM in areas with low
temperatures. This is because lower SUVA implies lower aromaticity of
DOM (Zhou et al., 2017). Enhanced UV radiation at higher elevation
waters can result in a higher reduction of terrestrial humic-rich sub-
stances as well as CDOM absorption relative to DOC and thereby lower
SUVA and higher %protein-like DOM fluorescence (Hur et al., 2011a;
Hur et al., 2011b). Previous studies have indicated that DOM in high
temperature areas (tropical and subtropical areas with low elevation)
was more easily decomposed and washed away (Mann et al., 2014;
Spencer et al., 2016), while a large quantity of DOM was preserved in
pan-Arctic and alpine areas (Drake et al., 2015) (see also Fig. 1). The
lack of a direct positive temperature effect is further evidenced by the
high Fmax of the autochthonous microbial humic-like C2 (250/400 nm)
in boreal areas in Sweden (Kellerman et al., 2015) and of the microbial
humic-like C3 (240/380 nm) in alpine eutrophic lakes in the Yungui
Plateau and the Tibetan Plateau where annual mean temperatures are
generally low (Fig. 1). The close positive relationships between latitude
and the relative abundance of autochthonous lipids and proteins or
amino sugar molecules identified by FT-ICR MS (Fig. 4g) in Sweden
further suggest that increasing temperature does not stimulate but ra-
ther reduces the accumulation of autochthonous DOM as higher

temperature may enhance DOM decomposition. This is further sup-
ported by the mesocosm results where higher mean Chl-a, DOC, a(350)
and Fmax values of C1 and C2 in the A2 (+2–4 °C) than in AMB (am-
bient temperature) treatments in the mesocosm experiment (Table S1;
Fig. S6) indicated that increased temperature enhanced phytoplank-
tonic primary production and thereby the DOC concentrations. How-
ever, the lower mean Chl-a, DOC, a(350) and Fmax values of C1, C2, C4
and C6 in the A2+ (+4–6 °C than ambient) than in the A2 treatments
in the mesocosm experiment (Table S1; Fig. S6) suggest that tempera-
ture effects may potentially be non-linear and there is also a possibility
of enhanced decomposition and reduced accumulation of auto-
chthonous DOM.

A large fraction of the DOM accumulated in the mesocosms with
extra nutrient addition and high autochthonous DOM was highly bio-
available. This is substantiated by the notably higher BDOC in the high-
nutrient than in the low-nutrient group (Table S1; Fig. S7), which is
consistent with previous studies (Kellerman et al., 2015; Romera-
Castillo et al., 2010; Zhang et al., 2009). The highly positive relation-
ship between microbial humic-rich C3 and BDOC (Fig. S7) further
supported the idea that at high nutrient levels, autochthonous DOM was
more labile than in the low-nutrient group. Rapid microbial cycling of
this fraction of bio-labile DOM probably leads to emission of green-
house gases (Borges et al., 2015; Davidson et al., 2015; Holgerson and
Raymond, 2016; Maberly et al., 2012). There are marked implications
of this as the accumulation of autochthonous labile DOM serves as
substrate for microbial and photochemical degradation, which may
lead to greenhouse gas release (Davidson et al., 2015; Elberling et al.,
2013; Maberly et al., 2012).

PARAFAC-derived microbial humic-like C3 was chosen among the
six components to represent autochthonous DOM for the following
reasons: (i) The spectral shape of C3 (250/380 nm) suggests that it is
likely internally produced from microbial degradation of DOM-rich
algae cells (Romera-Castillo et al., 2010; Zhang et al., 2009). The strong
positive relationships between the microbial humic-like component
(250/400 nm revealed by Kellerman et al. (2015), corresponding to C3
in this study) and the relative abundance of autochthonous lipids and
proteins or amino sugars identified by FT-ICR-MS (Kellerman et al.,
2015) demonstrated that this component was biologically produced. (ii)
The strong positive relationships between C3 and Chl-a, DOC and BDOC
for the field samples collected from the Yungui Plateau, China, and the

Fig. 7. van Krevelen diagrams of the dis-
tribution of DOM samples collected from
the low-nutrient groups associated with
unheated ambient temperature (AMB, a),
the A2 scenario described by IPCC (b), the
A2 scenario +50% (A2+, c) and the high-
nutrient groups associated with the AMB,
A2, and A2+ scenarios (d–f), the differ-
ences between the two nutrient treatment
groups with different temperature scenarios
(high-nutrient – low-nutrient group; g–i). In
all panels, colour denotes the relative
abundance of FT-ICR MS signals as a %.
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mesocosm experiment strongly suggested that C3 (Fig. 5e; Fig. S7) was
produced from the degradation of algae. (iii) The significant positive
relationships between C3 and the stable isotopic signatures δ2H, δ18O
and δ13C-DOC for the mesocosm experiment provide further support of
using C3 as a tracer of autochthonous DOM.

There are inevitable inter-correlations between eutrophication and
warming in our global data compilation. However, the higher enrich-
ment of autochthonous DOM in the eutrophic waters in the middle-
lower Yangtze Plain and Yungui Plateau than in proximal oligotrophic
or mesotrophic waters together with the greater DOM accumulation in
the high-nutrient than in the low-nutrient group in the same tempera-
ture treatments provide very strong evidence that eutrophication pro-
motes the accumulation of autochthonous DOM. Our results evidenced
that the gradients of latitude and elevation can serve as reliable sur-
rogates of temperature variabilities (Fig. S2; Fig. S5). Apparently, the
effects of warming in reducing autochthonous DOM were more sig-
nificant for the compiled worldwide dataset than for the mesocosm
experiment (Fig. 1; Fig. 3; Fig. 6), perhaps reflecting the much larger
temperature difference in the global-scale data than in the mesocosm
experiment.

Autochthonous bio-labile compounds, including aliphatic sub-
stances, peptides and amino-acids associated with protein-like com-
pounds, have been considered photoresistant, while photoreactive ter-
restrial humic-rich substances, aromatics and polyphenols are often
thought to be biologically recalcitrant (Kellerman et al., 2014). A
fraction of autochthonous DOM accumulated in inland waters due to
nutrient enrichment rather than climate warming is likely to be highly
bio-labile. Photochemical reactions further enhance the microbial de-
gradation of recalcitrant DOM (Cory et al., 2014). Increased and rapid
internal cycling of bio-labile and semi-labile DOM, and thereby en-
hanced positive feedbacks of carbon processing, can be foreseen due to
excessive nutrient loading and climate warming, the dual pressures that
inland waters are currently facing (Butman et al., 2014). We therefore
suggest that the turnover time of DOM in watersheds with intensive
land use may be significantly underestimated.
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