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• Relationship between sediment THAAs
and anthropogenic activities and lake
environment.

• Potential sediment THAA release based
on changes in environmental condi-
tions.

• Sediment THAA could effective reflects
anthropogenic activities and aquatic en-
vironmental characteristics.

• Sediment THAA is important to influ-
ence lake water quality.
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Total hydrolysable amino acids (THAAs) constitute themost important fraction of labile nitrogen. Anthropogenic
activities directly influence various biogeochemical cycles and then accelerate lake ecosystem deterioration. This
is the first study that has established the relationship between sediment THAAs and anthropogenic activities
using dated sediment cores, and evaluated the possibility of THAAs release at the sediment interface based on
changes in environmental conditions in Erhai Lake. The results showed that historical distribution and fractions
of THAAs could be divided into three stages: a stable period before the 1970s, a clear increasing period from the
1970s to 1990s, and a gradually steady period that started after the 1990s. The chemical fraction, aromatic and
sulfur amino acids (AAs) accounted for only ≤3% of THAAs. Basic AAs accounted for 5–17% of THAAs, and
remained at a relatively stable level. However, acidic and neutral AAs, which accounted for 19–44% and
35–69% of THAAs, respectively, were the predominant factors causing THAAs to increase due to rapid agricultural
intensification and intensification of contemporary sedimentation of phytoplankton or macrophytes since the
1970s. These trends were closely related to both anthropogenic activities and natural processes, which implied
that sediment THAAs could act as an effective indicator that reflects anthropogenic activities and aquatic environ-
mental characteristics. The current contributions of sediment THAAs on TN and TOC were b5% and 1.5%, respec-
tively. However, the dramatic increase in THAAs in the sediment cores indicated that there was a huge potential

Keywords:
Amino acids
Component
indication
Risk
Sediment

Science of the Total Environment 551–552 (2016) 217–227

⁎ Corresponding author at: State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 100012, China.
E-mail address: wangsr@craes.org.cn (S. Wang).

http://dx.doi.org/10.1016/j.scitotenv.2016.02.005
0048-9697/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2016.02.005&domain=pdf
mailto:wangsr@craes.org.cn
http://dx.doi.org/10.1016/j.scitotenv.2016.02.005
www.elsevier.com/locate/scitotenv


source of labile nitrogen for the overlying water under certain environmental conditions. Correlation analysis
suggested that the release of THAAs was negatively correlated with pH, whereas positively correlated with bac-
terial number and degree of OMmineralization, which particularly depend on the stability of HFOM. Therefore,
the risk of sediment THAAs release might increase when the sediment environment continuously changes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Dissolved organic nitrogen (DON) has been recognized as an impor-
tant component of fixed nitrogen (N) in aquatic ecosystems and plays
an important role in phytoplankton growth and eutrophication status
(Lu et al., 2014; Berman andBronk, 2003). Amino acids (AAs), the build-
ing blocks of proteins, are the predominant component of DON in both
terrestrial and marine organisms (Fernandes et al., 2014). Total hydro-
lysable amino acids (THAAs) and its components serve essential func-
tions in lake ecosystems because these could be released into the
overlying water and be utilized as an important N and carbon source
for phytoplankton and microorganism growth (Stepanauskas et al.,
1999). Evidence has suggested that THAAs account for only a small pro-
portion of the total DON pool, but these significantly contribute to the
DON flux in aquatic ecosystems (Tada et al., 1998; Lu et al., 2014).
Therefore, the role of THAAs in aquatic ecosystems has recently become
an important research topic (Fernandes et al., 2014; Gupta and
Kawahata, 2000). Previous studies have partly proven that THAAs prop-
erties, including content, forms, and their availability could be utilized
as an effective tool that could identify the source, decomposition, and
remineralization of organic matter (OM) and N (Pantoja and Lee,
2003; Cowie et al., 1992; Dauwe and Middelburg, 1998; Thomas and
Eaton, 1996; Zhao et al., 2013a).

Sediments are themajor repository of THAAs and play an important
role in biogeochemical cycles that occur in lake ecosystems (Bourgoin
and Tremblay, 2010). On one hand, sediments are an important sink:
THAAs are adsorbed on suspended particulates that eventually reach
the lake floor and are continuously covered by successive sediment
layers (Ni andWang, 2015), indicating that the record of temporal var-
iations in THAAs in sediments directly reflects the natural and anthro-
pogenic activities over time. However, our understanding of the
relationship between THAAs characteristics and environmental dynam-
ics as well as anthropogenic activities in a specific aquatic ecosystem is
limited. Therefore, detailed information on THAAs characteristics rela-
tive to environmental dynamics and anthropogenic activities is impor-
tant in guiding anthropogenic production and life style, as well as in
protecting the aquatic ecological environment. On the other hand, sed-
iments also act as a potential source of THAAs that are released into the
overlying water as sedimentary environmental conditions change.
Hence, elucidating the effect of environmental parameters on the po-
tential release of THAAs at the sediment interface is important in con-
trolling water quality and preventing the occurrence of algae blooms.

Erhai Lake is the second largest freshwater lake in Yunnan Province,
which is located in the southwest region of China. This region plays a
crucial role in local socioeconomic development as a source for irriga-
tion, drinking water, tourism, and fisheries. Monitoring data have
shown that the mean concentrations of total nitrogen (TN), dissolved
TN, and DON in water in 2013 were approximately 0.57 ± 0.06,
0.41 ± 0.02, and 0.15 ± 0.03 mg·L−1, respectively (Wang et al.,
2015). The water quality has been graded to be of classes II to III,
which ismainly based on theoverlyingwater environment quality stan-
dard (GB3838-2002) of China (Wang et al., 2012a). However, the con-
tents of TN, dissolved TN, DON, and OM in sediments were much
higher than most eutrophicated lakes in China (Wang et al., 2015),
reaching 4207 ± 1867, 89 ± 19, 27 ± 9 mg·kg−1, and 5.2%, respec-
tively. THAAs are the major component of labile DON in the sediments
of Erhai Lake, and accounts for approximately 31% of DON (Zhang,

2015). These large amounts of THAAs represent a massive reservoir
for N and C that is released to the overlying water under certain geo-
chemical environments. Unfortunately, its environmental conditions
(including pH, microorganisms and OMmineralization) have continu-
ously changed over the past decades (Wang et al., 2015), thus increas-
ing the risk for THAAs release from sediments. On the other hand, due
to agricultural intensification in the upper area of the watershed since
the 1970s, the ecosystems of Erhai Lake have severely deteriorated
and its water quality has changed from mesotrophic to eutrophic
(Zhao et al., 2013b). Therefore, the effect of the endogenous labile N
(THAAs) on the water quality of Erhai Lake should be extensively eval-
uated. Accordingly, themain objectives of the present studywere as fol-
lows: (1) to establish the relationship between anthropogenic activities
and changes in THAAs using dated sediment cores, and (2) to evaluate
the potential risk for surface sediment THAAs release based on changes
in environmental conditions (e.g., pH,microorganisms andOMmineral-
ization) of Erhai Lake.

2. Materials and methods

2.1. Study area

Erhai Lake is located in Dali City, Yunnan Province, with a surface
area of approximately 249 km2 and a watershed area of 2,565 km2.
The lake has a mean depth of 10.5 m and a volume of 2.8 × 109 m3

(Fig. 1). As one of the typical agricultural regional lakes in the
Yunnan-Guizhou Plateau of China, exogenous N is primarily derived
from agriculture by river and ditch from the northern and western
areas such as farmland, aquaculture, and livestock, particularly due to
the extensive use of artificial N fertilizers in the upper area of thewater-
shed. The rapid intensification of agricultural activities in the last few
years, especially since the opening of agriculture jobs in the late
1970s, has resulted in a significant deterioration of the lake's ecosystem
andwater quality (Ni et al., 2011). Therefore, to select the Erhai Lake as a
case study area was critical and necessary.

2.2. Sample collection

2.2.1. Surface sediments
Ten surface sediments (0–5 cm) from Erhai Lake were collected

using a core sampler (HL-CN, Xihuayi Technology, Beijing, China) in Oc-
tober 2012, whichwas a high-risk period for algal blooms and decline in
water quality. Sampleswere selected from the northern (E1, E2, E3, and
E4), central (E5, E6, and E7), and southern (E8, E9, and E10) areas of the
lake, which was based on the topography of the lake bottom (Li et al.,
1999). These areas were assumed to represent the entire lake based
on the overall characteristics of different regions and to reflect the
true situation of Erhai Lake.

2.2.2. Core sediments
Three sediment cores (E1, E6, and E8) were collected from differ-

ent areas of Erhai Lake in October 2012. Core E1 (northern site:
100°09′13″E, 25°54′00″N) is located at the lower edge of the alluvial
fan of the Yongan River, a major inflow river. Water exchange is this
particular region occurs at a faster rate relative to that of other areas.
The area has no aquatic plant growth due to severe agricultural non-
point source pollution and livestock manure. Core E6 (central site:
100°11′49″E, 25°47′59″N) is located at the deepest region (21.1 m)
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