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  Abstract            To understand the relationship between planktonic diatoms and environmental variables in the 
lakes on the Songnen Plain, northeast (NE) China, we investigated water quality and planktonic diatoms 
from 71 sampling points in 27 lakes, based on which Canonical Correspondence Analysis (CCA) was 
conducted. The result show that planktonic diatoms displayed certain responses to environment gradients, 
and the total phosphorus (TP) explained the maximum variation of planktonic diatom species among the 15 
environmental variables, suggesting that TP was the most important and signifi cant environmental parameter 
aff ecting the distribution of diatom species. In addition, we established a diatom-total phosphorus transfer 
(DTPT) function, of which component 5 of the weighted averaging partial least squares regression (WA-
PLS) was chosen to and compared with a series of weighted average regression (WA) models and WA-PLS 
models. According to the jackknifi ng statistical test, the component 5 of WA-PLS models provided a lower 
root-mean-square error prediction (RMSEP=0.202) and a higher correlation coeffi  cient between observation 
and prediction ( R  2 _Jack=0.759). After deletion of three outliers, the root-mean-square error prediction of 
the DTPT function was reduced (RMSEP=0.169) while the correlation coeffi  cient between observation 
and prediction was increased ( R  2 _Jack=0.823). Therefore, this DTPT function performed better than other 
regional TP models in the world. However, it remains demanding for expanding the background dataset to 
improve the prediction ability of the model. 

  Keyword : Songnen Plain; diatom; total phosphorus; transfer function 

 1 INTRODUCTION 

 Lakes are sensitive aquatic ecosystems (Witak et 
al., 2017). The lakes on the Songnen Plain constitute 
the main part of those in the Northeast Plain of China, 
where the landscape characteristics are closely related 
to their geographical environment. These lakes are 
characteristic of small size, shallow lake water, gentle 
slope, deep and thick modern sediments, and high 
salinity, and they are formed due to recent crustal 
subsidence, low terrain, poor drainage, and river shift 
(Wang and Dou, 1998). In recent years, increasing 
salinization and water pollution because of the 
combined eff ects of surface runoff  recharge, discharge 
methods, climate, topography, and human disturbance 
have posed great threats to the lakes with relatively 

fragile ecosystems. According to some studies (Wei et 
al., 2001; Xiao et al., 2011; Zhou et al., 2016; Dai et 
al., 2018), the potassium permanganate index, total 
phosphorus (TP) content, and total nitrogen (TN) 
content in the lakes have generally been higher on the 
Songnen Plain in recent years, leading to an 
intensifi cation in eutrophication ,  thus resulting in the 
deterioration of lake water quality along with changes 
in the aquatic ecosystem structure in this area. In view 
of the reality of the ecological environment of the 
lakes on the Songnen Plain, it is an urgent need for us 
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to study the mechanism of water quality change in 
this area and to explore the relationship between the 
biological community and the environment, so as to 
reveal the change trend of the ecological environment 
of the lakes in this area. 

 At present, the history of water quality monitoring 
for most lakes in the region is too short to refl ect the 
natural changes in the past (Xiao et al., 2011; Dai et 
al., 2018). However, lake sediments can provide 
abundant biological and physicochemical information 
that can be used to reconstruct the history of past 
changes in lakes and their basins (Battarbee, 1999; 
Dong et al., 2006). Among them, diatom fossils are 
regarded as the most important biological indicators 
in sediment core (Liu et al., 2012). Diatoms which are 
characterized by abundant species, wide distribution, 
and rapid reproduction are able to respond quickly to 
environmental changes, are especially suitable for 
revealing the stories of environmental events. After 
the diatoms die, their siliceous valves are preserved in 
bottom of the lake. Due to their strong dissolution 
resistance, they are preserved well in sediments. 
Therefore, diatom fossils can provide a wealth of 
environmental information for diff erent geological 
periods. With the support of dating technique, the 
fossil diatom assemblages can be used to quantitatively 
reconstruct a variety of environmental variables (Qi 
and Li, 2004). 

 Over the past two decades, regional diatom-
environment transfer functions based on weighted 
average have been established consecutively in parts 
of Africa, Europe, Australia, America, and Asia, with 
temperature (Wunsam and Schmidt, 1995; Bigler and 
Hall, 2002; Krawczyk et al., 2017; Luostarinen et al., 
2017), water level (Duthie et al., 1996; Zhuang et al., 
2014; Ma, 2018), pH (Enache and Prairie, 2002; Chen 
et al., 2008; Finkelstein et al., 2014), salinity (Fritz et 
al., 1991; Battarbee et al., 2002; Huang et al., 2013; 
Xu, 2018), and nutrients (TP, TN) as the main 
environmental variables for quantitative 
reconstruction (Andrén et al., 2017; Craig, 2018; Liu 
et al., 2018). In most of these studies, the modern 
datasets were created based on the diatoms collected 
from surface sediments, although some were created 
based on benthic diatoms in a minority of studies 
(Winter and Duthie, 2000; Denicola et al., 2004; 
Huang et al., 2013). By comparing diatom assemblages 
in surface sediments with recent planktonic diatoms 
in Lago Maggiore, Marchetto and Musazzi (2001) 
found that one sediment sample might be a good 
estimate of the planktonic diatoms composition 

(Marchetto and Musazzi, 2001). The study carried out 
by Jones and Juggins (1995) demonstrated that many 
benthic species did not respond directly to nutrient 
concentrations in water (Jones and Juggins, 1995). 
Reavie et al. (2014) investigated the phytoplankton 
and water quality in the Laurentian Great Lakes, and 
established the diatom-total phosphorus transfer 
function using phytoplankton diatoms, and then, 
when the transfer function was applied to a sediment 
core of Lake Superior, the former TP content was 
eff ectively reconstructed (Reavie et al., 2014). In 
some studies, it had also been found that plankton 
species accounted for a large proportion in modern 
datasets established based on diatom assemblages in 
surface sediments (Miettinen, 2003; Tammelin et al., 
2017). Therefore, the modern background dataset was 
created directly by using the species of planktonic 
diatoms and the corresponding environmental factors 
in the present study. 

 The Songnen Plain lake group is one of the lake 
regions with the highest lake density in China (Wang 
and Dou, 1998). But so far, there have been few 
reports on the research work of the quantitative 
reconstruction of the paleoenvironment based on 
diatoms in this area. The content of this paper was 
constructed according to the main environmental 
problems faced by the Songnen Plain lake group, 
namely, the aggravation of salinization and the 
eutrophication of the lakes in this area due to intensive 
human activity (Yao et al., 2010; Xiao et al., 2011; 
Dai et al., 2018). Based on the establishment of a 
regional modern diatom-water environment 
background dataset, through multivariate statistical 
analysis, the relationship between diatoms and 
environmental factors was studied, the most 
signifi cant environmental variable (TP) aff ecting 
diatom species was extracted, and then the diatom-
total phosphorus transfer function was established, 
which laid a foundation for the quantitative 
reconstruction of historical nutrition level and the 
study on eutrophication mechanism for the lakes in 
this area in the future. 

 2 MATERIAL AND METHOD 

 2.1 Overview of sampling points 

 The Songnen Plain is located in the northern part of 
the Northeast Plain in China and is formed as a result 
of erosion and alluvial sedimentation from the 
Nenjiang and Songhua Rivers. It is bounded by the 
Songliao watershed in the south, adjoining to the 
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Lesser Khingan Mountains in the north, bordering the 
eastern mountains and the Greater Khingan Mountain 
Range in the east and west, respectively. The 
southwestern part of Heilongjiang Province, the 
central and western parts of Jilin, and the eastern part 
of Inner Mongolia (eastern foot of Greater Khingan 
Range Mountain) are under its administrative 
jurisdiction. The climate in this area is a temperate 
continental semi-humid and semi-arid climate (Yao et 
al., 2010), cold and dry in winter, warm and humid in 
summer. Its average annual precipitation is 400–
500 mm, and the precipitation in June-September 
accounts for 70%–80% of annual total precipitation 
(Wang and Dou, 1998; Yao et al., 2010). 

 The lake group on the Songnen Plain is a low-lying 
lake group in the mid-temperate sub-humid region of 
China, covering a lake region area of about 
42 750 km 2 , a lake area of 2 570 km 2 , and a lake 
coverage rate of 6% (Yao et al., 2010; Xiao et al., 
2011). The lakes in this area are mainly distributed 
along the Songhua River, the Nenjiang River and its 
tributaries. During the fl ood season, river water 
naturally fl ows into the lake as supplement source. 
The existence of lake waters plays a regulation role in 
the surrounding climate, so that the climate around 
the lake area is relatively humid (Xiao et al., 2011). 

 2.2 Sample collection and preparation 

 From June to August 2008, the phytoplankton and 
water samples in the lakes on the Songnen Plain were 
collected in the fi eld. A total of 27 lakes were surveyed, 
each lake was visited on a single day. Seventy-one 
sampling points were distributed based on water area, 
topography and surrounding environment for these 27 
lakes, in which 1–5 sampling points were set for lakes 
with an area less than 100 km 2  and 5–10 sampling 
points were set for lakes with an area of 100–500 km 2 , 
S1 to S71 represents the 71 sampling points 
respectively in the paper (Fig.1). These lakes are all 
shallow lakes with a depth of 1–4 m in the wet season, 
among which Chagan Lake has the largest area of 
307.0 km 2  with average depth of 2.5 m, while the rest 
are mostly small and medium-sized lakes. Many of 
the lakes were rich in aquatic plants, with swampy 
meadows or reed marshes along the lakes at the time 
of sampling in 2008. 

 The samples were collected from each site at a 
water depth of 0.5 m with water samplers, pH value, 
water temperature (WT), and conductivity of the 71 
sampling points were measured in situ with a portable 
water quality analyzer. The water samples for the 

measurement of environmental parameters were 
packed into polypropylene bottles with a volume of 
5 L and stored on site in an incubator (with pre-frozen 
ice packs) for refrigeration. Eight main ions (K + , Na + , 
Ca 2+ , Mg 2+ , Cl – , SO     42ˉ  , CO     32ˉ   and HCO 3 ̄  ), TN, and TP 
were measured at Nanjing Institute of Geography and 
Limnology, Chinese Academy of Sciences. The water 
samples were titrated with calibrated dilute 
hydrochloric acid to obtain HCO 3 ̄  , CO     32ˉ of the 
samples, fi ltered with 0.45-μm GF/F fi lter membrane, 
and the fi ltrate was used for the determination of 
cations (K + , Na + , Ca 2+ , Mg 2+ ) and anions (Cl – , SO     42ˉ). 
TP content was determined by the ammonium 
molybdate spectrophotometry. TN content was 
determined by the alkaline potassium persulfate 
spectrophotometry. The sampling and analysis 
methods of chemical parameters followed the relevant 
provisions of the  Monitoring   and   Analysis   of   Water  
 and   Wastewater  (SEPA, 2002). Total dissolved solids 
(TDS) was expressed by the sum of 8 major ion 
concentrations (Wetzel, 2001; Yang, 2004), and total 
alkalinity (TA) was expressed in the sum of CO     32ˉ  + 
HCO 3 ̄   concentration (Huang et al., 2000). 

 The samples for the analysis of planktonic diatoms 
were preserved using Lugol’s solution (15-mL 
Lugol’s solution was added into per 1 000-mL water 
sample). For quantitative analyses of phytoplankton 
communities, the mixed water was collected at each 
site and precipitated for 24–36 h, the fi nal volume was 
set to 30 mL of concentrated sediments, and then part 
of each sample was made to be permanent slides 
through acid treatment and centrifugation (Zhang and 
Huang, 1991; Hu and Wei, 2006). The diatoms were 
observed, identifi ed, and counted under an Olympus 
(BH) optical microscope (×100 oil immersion lens 
and ×10 eyepiece). Diatom cells with a damaged area 
not exceeding 1/4 in the fi eld of view were identifi ed 
and counted. The number of diatom valves counted in 
each sample was not less than 300. Finally, the relative 
abundance of each species was recorded as a 
percentage. Identifi cation of taxa followed the 
taxonomic guide from Krammer and Lange-Bertalot 
(Krammer and Lange-Bertalo, 1997a, b, 2004a, b), as 
well as the taxonomic records from several websites 
(Kociolek et al., 2019; Potapova et al., 2019). 

 Moreover, a pilot experiment about the sedimentary 
diatoms in the study area had been conducted. A 40-
cm long columnar core was collected from Chagan 
Lake in the research area, preliminary identifi cation 
of diatoms in the sedimentary core revealed that more 
than 90% of the diatom species in the sedimentary 
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core were found in the dataset of plankton diatoms 
collected in 2008 .  This suggested that it was feasible 
to establish the background dataset with plankton 
diatoms. 

 2.3 Data processing 

 2.3.1 Data standardization 

 The data was standardized before analysis. The 
data on diatom species which at least appeared at 2 
sampling points and presented at more than 1% in at 
least one sample were selected, to which content 
square root transformation should be made; the 
environmental parameters, except pH, were lg( x +1) 
transformed to form the documents required for 
statistical analysis (Dong et al., 2006). 

 2.3.2 Canonical Correspondence Analysis (CCA) 

 CCA is a gradient analysis and weighted average 
regression technique based on ecological theory, 
which can refl ect the relationship between species, 
sampling points and environmental variables on the 
coordinate axis (Ter Braak, 1987). In the present 
study, the analysis was carried out according to the 
following steps: (1) detrended Correspondence 
Analysis (DCA) was used to derive the unimodal 
response of the species (standard-deviation units: 
SD). If the value of SD is greater than 3, then CCA 
analysis is performed (Ter Braak and Prentice, 1988); 
(2) a preliminary CCA analysis on a dataset including 
all environmental variables was conducted, and those 
environmental variables with variance infl ation factor 
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(VIF) greater than 20 (Ter Braak, 1988) were 
selectively deleted; (3) a series of constrained 
Canonical Correspondence Analyses (cCCA) 
constrained only to one environmental variable at a 
time was performed to test the marginal eff ect of each 
environment variable (Ter Braak and Verdonschotp, 
1995). The importance of the environmental variables 
in the order of the variance in the individual 
interpretation of the species data was sequenced, and 
the signifi cance of the interpretation was test by using 
the Monte Carlo technique ( P <0.05) (Ter Braak and 
Šmilauer, 1998). Meanwhile, the ratio of the fi rst 
eigenvalue ( λ 1) to the second eigenvalue ( λ 2) was 
calculated. The environment variable with  λ 1/ λ 2>0.5, 
showing its signifi cance and importance, could be 
used to establish the transfer function (Winter and 
Duthie, 2008); (4) fi nally, Detrended Canonical 
Correspondence Analysis (DCCA) constrained only 
to one environmental variable at a time was performed 
to determine whether the dataset was appropriate for 
the establishment of nonlinear or linear regression 
models, and the response pattern of the diatoms to the 
variable was determined according to the eff ective 
gradient length of the environment variable on the 
fi rst axis. When the gradient length is ≥2 SD, the 
nonlinear weighted average model is used to establish 
the diatom-environment indicator transfer function, 
or otherwise the linear model is applied (Ter Braak 
and Juggins, 1993; Birks, 1995). 

 All of the above sequencing analysis was performed 
by using the CANOCO software (Version 4.5) for 
Windows 4.5 (Ter Braak and Šmilauer, 1998). 

 2.3.3 Establishment of the transfer function 

 The weighted average regression method (WA) 
(Birks et al., 1990) is mainly used for the nonlinear 
response mode. In this method, since the initial 
derivation values are underestimated after being 
weighted twice in the calculation, they should be 
restored in order to obtain the accurate derivation 
values. According to the diff erent ways of regression 
and whether the weights of the species tolerance are 
reduced or not, it can be divided into Classical WA 
and Inverse WA; and the Classical WAtol and Inverse 
WAtol with weights reduction of the species tolerance. 
Another more complicated method is the most 
prevalent weighted averaging partial least squares 
regression (WA-PLS) (Ter Braak and Juggins, 1993) 
which improves the derivation ability of the transfer 
function by multiple extraction and optimization of 
the residual information amount from the previous 

function based on the weighted average regression. In 
contrast, WA is relatively simple in terms of theoretical 
concept and algorithm, and WA-PLS could be 
regarded as an optimization and progression of WA 
method (Zhuang et al., 2004). However, the models 
created by the WA are not necessarily poorer than 
those created by WA-PLS. The derivation ability of a 
model is mainly measured by the root-mean-square 
error of prediction (RMSEP) and the correlation 
coeffi  cient ( R  2 ) between the observed values and the 
predicted values. The former indicates the actual 
derivation prediction error of the transfer function, 
and the lower the value, the stronger the function’s 
derivation ability; the latter indicates the fi tting degree 
between the analog value and the observed value, and 
the higher the value, the stronger the function 
derivation ability. The above statistics were mainly 
tested by jackknifi ng, which is commonly used in 
diatom quantifi cation now (Dong et al., 2006). The 
above transfer functions were created and tested by 
using the program of C2 version 1.6.6 (Juggins, 
2003). 

 3 RESULT 
 3.1 Characteristics of water environment 

 The statistical values (maximum, minimum and 
average) of the water environmental variables at the 
71 sampling points on the Songnen Plain lake group 
are shown in Table 1. The conductivity of the study 

 Table 1 Measurements of water environment of 71 sampling 
points 

 Environmental variable  Maximum  Minimum  Mean±SD 

 Conductivity (μs/cm)  5 522  253  1 396.77±1 244.39 

 TP (mg/L)  3.30  0.05  0.39±0.60 

 TN (mg/L)  8.14  0.38  3.92±1.80 

 WT (°C)  29.35  20.81  24.73±1.87 

 pH  9.81  7.80  8.92±0.37 

 Cl –    (mg/L)  942.60  2.65  97.31±150.03 

 SO     42ˉ   (mg/L)  297.76  1.64  62.73±71.95 

 Ca 2+  (mg/L)  69.47  4.07  18.41±11.52 

 Mg 2+  (mg/L)  42.04  7.00  19.39±7.99 

 K +  (mg/L)  13.23  1.35  4.85±2.40 

 Na +  (mg/L)  1 228.09  23.37  265.36±264.28 

 CO     32ˉ   (mg/L)  333.39  2.98  76.65±89.87 

 HCO 3 ̄     (mg/L)  1 567.06  100.91  549.16±366.37 

 TDS (mg/L)  4 312.9  221.1  1 093.85±869.58 

 TA (mg/L)  1 869.9  146.4  625.81±443.80 
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area ranged from 253 to 5 522 μs/cm. Among the 
eight major ions, the average value of K +  was the 
lowest, 4.85 mg/L, and the average values of HCO 3 ̄   
and Na +  were higher, 549.16 and 265.36 mg/L 
respectively, appearing in the typical soda-type water 
features. TDS and TA were calculated from the eight 
major ions, so their variation range was related to the 
content of eight major ions in each sample point. In 
the nutritional indexes, there were some gradient 
changes in TP and TN, and the contents of TP and TN 
in the 71 sampling points were 0.05–3.30 and 0.38–
8.14 mg/L respectively, in accordance with the 
National Surface Water Environmental Quality 
Standard of the People’s Republic of China (Wu and 
Zhang, 2009); if taking TP as a reference, the water 
qualities of the study area were all above Class III 
(≤0.05 mg/L), and if taking TN as a reference, the 
water qualities were all above Class I (≤0.2 mg/L). To 
sum up, the water qualities of the study area belonged 
to a mesotrophic to eutrophic type. The WT was the 
only physical variable, which varied from 20.81 to 
29.35°C, the variation range of WT was not very large 
since all samples were taken in summer; and the pH 
value refl ected a weak alkaline environmental 
condition of the study area as a whole. 

 3.2 Distribution of diatom species 

 According to the taxonomic guide of Krammer and 
Lange-Bertalot, 168 diatom taxa were identifi ed in 71 
sampling points of the lakes on the Songnen Plain, 
including 144 species, 21 varieties, and 3 forms; 88 
diatom taxa (appeared at least 2 sampling points and 
its content was more than 1% in at least one sample) 
were used to establish the modern diatoms dataset.  

 The species with a relative abundance of more than 
5% were defi ned as the dominant species (Pokras and 
Molfi no, 1986), and the species that were dominant 
species at least one sampling point in the modern 
diatom dataset were selected, to study their assemblage 
changes. The samples were arranged from high to low 
in terms of TP content (Fig.2), with the decrease of TP 
content, the diatom assemblage changed. The obvious 
assemblage change occurred at S52, taking S52 as a 
boundary, the TP content above S52 was 0.33–
3.30 mg/L, the dominant species of diatoms included 
 Aulacoseira   granulata  (Ehrenberg) Simonsen, 
 Cyclotella   meneghiniana  Kützing, and  Nitzschia  
 palea  (Kützing) W. Smith. And the TP content below 
S52 (including S52) was 0.05–0.32 mg/L, in the 
diatom samples corresponding to this TP range, 
 Aulacoseira   granulata ,  Aulacoseira   ambigua  

(Grunow) Simonsen,  Cyclotella   meneghiniana , 
 Diploneis   elliptica  (Kützing) Cleve,  Ulnaria   acus  
(Kützing) M. Aboal,  Staurosirella   pinnata  (Ehrenberg) 
D. M. Williams & Round,  Nitzschia   palea , and 
 Surirella   peisonis  Pantocsek dominated. With the 
decrease of TP content, the diatom assemblage 
showed a change from relatively simple to relatively 
complex composition of the dominant species. 
 Aulacoseira   granulata ,  Aulacoseira   ambigua , and 
 Cyclotella   meneghiniana  became the dominant 
species in the study area since they were present in 
most sampling points, accounted for a large percentage 
and were often found in eutrophic water, meanwhile, 
they could tolerate a certain amount of salinity, which 
is consistent with the salinization of water environment 
in the study area. 

 3.3 CCA result 

 The DCA result of the data on the diatoms collected 
from the 71 sampling points showed that the 
cumulative variance value of the species data 
explained by the fi rst two axes was 16.9%, and the 
maximum value of the gradient length in the fi rst two 
axes was 5.426, which was greater than 3. This 
indicates that the diatom species had a distinct 
unimodal response relationship with respect to the 
fi rst two axes; thus, CCA is suitable for exploring the 
relationship between diatom community structure 
and environment. 

 The preliminary CCA constrained to 15 
environmental variables was run, the analytical result 
show that the cumulative percentage variance of 
species data obtained from the fi rst two axes was 
10.9%, and axis 1 ( R =0.923) and axis 2 ( R =0.884) 
show a signifi cant species-environment correlation 
(Table 2). The fi rst two axes refl ected 29.7% of the 
cumulative percentage variance of species-
environment relation and explained 36.63% of total 
eigenvalues of the data on diatoms. 

 The CCA result also reveal that the environmental 
variables with a variance infl ation factor (VIF) greater 
than 20 were conductivity, Na + , HCO 3 ̄  , salinity (TDS) 

 Table 2 Result of preliminary CCA for 15 environmental 
variables 

 CCA axes  1  2 

 Eigenvalues  0.329  0.241 

 Species-environment correlations  0.923  0.884 

 Cumulative percentage variance of species data  6.3  10.9 

 of species-environment relation  17.1  29.7 
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and total alkalinity (TA), indicating that the typical 
correlation coeffi  cients between the fi ve environmental 
variables and the axis were unstable and they were 
not suitable for further explanation (Birks et al., 
1990). After deletion of the abovementioned variables, 
the remaining 10 environmental variables were used 
for the subsequent marginal eff ect test. 

 A series of cCCA constrained to a single 
environmental variable at a time was performed, i.e. 
the marginal eff ect analysis, the results showed that 
TP was the most important environmental variable, 
explaining 5.2% of the information on distribution of 
diatom species (Table 3). As for the eigenvalue ratio 
( λ 1/ λ 2) of the 10 environmental variables, the 
eigenvalue ratio of TP was greater than 0.5, the 
eigenvalue ratio of SO     42ˉ   was approximately equal to 
0.5, and the others were all less than 0.5. In addition, 
among the ten environmental variables, TN did not 
pass the signifi cance test ( P >0.05), while TP, SO     42ˉ, 
Cl – , K + , CO     32ˉ, Mg 2+ , pH, Ca 2+  and WT values were 
able to explain separately diatom data, with 95% 
confi dence level ( P <0.05). The further CCA analysis 
result of these 9 environmental variables signifi cantly 
explained 25.31% of total eigenvalue, the cumulative 
percentage variance of species data obtained from the 
fi rst two axes was 9.7%, the cumulative variance 
refl ected 38.2% of the species-environment relation, 
an improvement over 29.7% for 15 environmental 
variables. 

 In the CCA ordination biplot (Fig.3) constrained to 
the 9 environmental variables, the TP had a good 
correlation ( R =0.824) with the fi rst axis; SO     42ˉ  , Cl – , 
CO     32ˉ   and pH were correlated with the fi rst axis 
( R =0.651, 0.487, 0.409 and 0.325 respectively) as 
well as with the second axis ( R =0.476, 0.397, 0.046 

and 0.155 respectively); Ca 2+  and K +  were mainly 
correlated with the negative half axis of the second 
axis ( R =-0.313 and -0.519 respectively); WT and 
Mg 2+  had poor correlation with the above two axes, 
whose impacts on the data could be ignored. Fig.3 
also better refl ected the relationship between the 
diatom species and the environmental variables 
(through the arrangement of the projection points of 
these species on environmental indexes). In the 
forward direction of TP with the maximum correlation 
with the fi rst axis, some distributed species, such as 
 Nitzschia   austriaca  Hustedt,  Pinnularia   microstauron  
var.  brebissonii  (Kützing) Mayer,  Craticula   cuspidata  
(Kützing) D. G. Mann,  Gomphonema   parvulum  
(Kützing) Kützing,  Nitzschia   levidensis  var.  salinarum  
Grunow and  Pseudostaurosira   brevistriata  (Grunow) 
D. M. Williams & Round, were all nutrient-tolerant 
species. And in the forward direction of pH, some 
basophilic diatom species were distributed, such as 
 Nitzschia   levidensis  var.  salinarum ,  Navicula  
 pygmaea  Kützing,  Cyclotella   meneghiniana  and 
 Aulacoseira   granulata , which was consistent with the 
characteristics of the alkaline water quality in the 
study area. The arrows for the three environmental 
variables of SO     42ˉ, Cl – , CO     32ˉ were in the same quadrant, 
some species, such as  Gomphonema   clavatum  
Ehrenberg,  Surirella   brebissonii  var.  kuetzingii  
Krammer & Lange-Bertalot,  Pinnularia   subcapitata  
W. Gregory,  Navicula   cryptocephala  var.  veneta  
(Kützing) Rabenhorst, and  Hippodonta   capitata  
(Ehrenberg) Lange-Bertalot, Metzeltin & Witkowski, 
were distributed along the forward direction of these 
three variables, showing that they had a positive 
correlation with the three environmental variables. In 
the lower part in the fi gure with higher K +  and Ca 2+  
values, the relative abundance of the distributed 
species, such as  Surirella   ovalis  Brébisson,  Cocconeis  
 placentula  Ehrenberg,  Epithemia   adnata  (Kützing) 
Brébisson,  Fragilaria   incognita  Reichardt,  Pinnularia  
 maior  (Kützing) Cleve and  Caloneis   amphisbaena  
(Bory de Saint Vincent) Cleve, increased with the 
increase of the concentration of K +  and Ca 2+ . On the 
other hand, the species distributed along the reverse 
direction of these environmental variables in the 
fi gure showed a negative correlation with these 
environmental variables respectively. 

 It could be concluded that TP was the most 
signifi cant and important one out of all selected 
environmental variables according to the marginal 
eff ect results and the relationship between each 
environmental variable and the fi rst axis in CCA 

 Table 3 Analytical results of marginal eff ect of 10 
environmental variables 

 Environment variable   λ 1   λ 2  Variance interpretation   P  value 

 TP  0.274  0.499  5.2  0.002 

 SO     42ˉ  0.241  0.499  4.6  0.002 

 Cl –   0.205  0.501  3.9  0.002 

 K +   0.204  0.498  3.9  0.002 

 CO     32ˉ  0.190  0.498  3.6  0.002 

 Mg 2+   0.168  0.500  3.2  0.002 

 pH  0.163  0.500  3.1  0.002 

 Ca 2+   0.152  0.497  2.9  0.004 

 WT  0.142  0.492  2.7  0.002 

 TN  0.100  0.498  1.9  0.086 
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analysis, thus it had been selected as the target factor 
of the transfer function. 

 DCCA constrained only to TP was run, the eff ective 
gradient length of the fi rst axis was analyzed and 
tested to be 2.576 for the data collected from 71 
sampling points, which is greater than the critical 
value of the unimodal response (2.0 SD), indicating a 
unimodal response pattern between the diatom 
distribution and TP; thus, the diatom-total phosphorus 
transfer function might be created with the nonlinear 
weighted average model. 

 3.4 Establishment of diatom-total phosphorus 
transfer function 

 The statistical test results of the data collected from 
71 sampling points modeled by various WA and WA-
PLS methods are shown in Table 4 and fi ve 
components were included into the results of the WA-
PLS transfer function model. When modeling with 
these 71 sampling points, WA-PLS component 5 
showed the highest correlation coeffi  cient ( R  2 _Jack), 
the smallest maximum bias and smaller root-mean-
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square error prediction (RMSEP). Compared with 
other regional TP models in the world, it had become 
the best modeling method due to its stronger derivation 
ability. However, it could be seen from its residual 
distribution map (Fig.4) that the three sampling points 
S4, S23, and S26 had higher derivation residual 
values, which were considered to be outliers and 
deleted. After deletion of samples from S4, S23, and 
S26, the performance ability of the transfer function 
was improved: the RMSEP was reduced to 0.169, and 

the correlation coeffi  cient between the observed value 
and the predicted value ( R  2 _Jack) was increased to 
0.823; the fi tted curve of the observed value and the 
predicted value was much closer to the 1:1 diagonal 
(Fig.5). Furthermore, another important index for 
determining the function’s derivation ability—the 
Max. Bias was increased to 0.094, but it was not very 
evident. In summary, the WA-PLS (component 5) 
model after residual component extraction was the 
best model. 

1.0 2.0 3.0 4.0
1.0

2.0

3.0

4.0

Observed logTP (μg/L)

P
re

d
ic

te
d
 l

o
g
T

P
 (

μ
g
/L

)

1.0 2.0 3.0 4.0
-0.2

-0.1

0.0

0.1

0.2

Observed logTP (μg/L)

R
es

id
u
al

 l
o
g
T

P
 (

μ
g
/L

)

a b

 Fig.5 Observed versus predicted annual mean TP concentrations (log μg/L) (a), and observed versus residual annual mean 
TP concentrations (log μg/L) (b), based on WA-PLS (component 5) model of 68 sites 

1.0 2.0 3.0 4.0
1.0

2.0

3.0

4.0

Observed logTP (μg/L)

P
re

d
ic

te
d
 l

o
g
T

P
 (

μ
g
/L

)

1.0 2.0 3.0 4.0
-0.30

-0.15

0.00

0.15

0.30

0.45

Observed logTP (μg/L)

R
es

id
u
al

 l
o
g
T

P
 (

μ
g
/L

)
S4

S23

S26a b

 Fig.4 Observed versus predicted annual mean TP concentrations (log μg/L) (a), and observed versus residual annual mean 
TP concentrations (log μg/L) (b), based on WA-PLS (component 5) model of 71 sites 



1781No.6 SUI et al.: Diatom-total phosphorus transfer function

 4 DISCUSSION 

 Diatom-total phosphorus transfer functions are 
helpful in estimating the epilimnetic TP concentrations 
in order to reconstruct the former trophic statuses of 
lakes in the study area (Witak et al., 2017). Quantitative 
reconstructions are useful because they can simplify 
the complex, multivariate relationships between biota 
and their physical and chemical environments. 
However, this methodology is not without problems 
(Juggins, 2013; Juggins et al., 2013), the most 
important of these result from attempts to reconstruct 
non-causal environmental variables and from the 
eff ects of secondary variables (Juggins, 2013). 
Therefore, palaeoecologists should give greater 
attention to what could and could not be reconstructed. 

 The quantitative study of diatoms has regional 
characteristics. The environmental gradients aff ecting 
the distribution of diatoms are diff erent in diff erent 
lakes. In arid and semi-arid areas, climate change 
aff ects the salinity and water level of lake water, and 
the distribution of organisms is signifi cantly aff ected 
by the salinity or atmospheric eff ective humidity 
(Fritz et al., 1991). In the area aff ected by acid rain, 
organisms indicate the change of pH value (Cameron 
et al., 1999). And in the area of economic development, 
the problem of lake eutrophication is relatively 
serious, and organisms are more sensitive to the 
change of nutrients (Liu et al., 2018). Therefore, for a 
research area, it is necessary to determine what 
environmental component plays the leading role. Due 
to the acceleration of population growth and economic 
development, the industrial and agricultural 
production pollution and human activities have 
aggravated water environmental pollution on the 

Songnen Plain wetland in recent years. In this study, 
CCA analysis of the relationship between planktonic 
diatoms and the environment also revealed that TP 
was the most signifi cant factor aff ecting the 
distribution of planktonic diatoms in this area, for 
economic development areas, it is not surprising that 
most of the diatom information is explained by 
nutritional variables. TN is another important index to 
evaluate the nutritional status of lakes; however, we 
found that the eff ect of TN was not signifi cant 
( P >0.05), which might be due to that TN depends on 
other variables and cannot be independently used to 
explain diatom data. In addition, salinization was 
mentioned as a pressure on these lakes. Salinity could 
be represented by conductivity or TDS, both of them 
had been removed because they were collinear with 
other variables in the preliminary CCA. Nevertheless, 
the presence of a large number of saline-tolerant 
species, such as  Aulacoseira   granulata ,  Aulacoseira  
 ambigua ,  Cyclotella   meneghiniana ,  Pseudostaurosira  
 brevistriata ,  Cocconeis   placentula ,  Gyrosigma  
 acuminatum  (Kützing) Rabenhorst,  Navicula  
 cryptocephala  Kützing,  Navicula   pygmaea ,  Nitzschia  
 hantzschiana  Rabenhorst, and  Nitzschia   linearis  
W. Smith, suggested that salinization was one of the 
characteristics of water quality in the study area. 

 The modern dataset used in this paper was 
developed based on modern phytoplankton samples 
rather than on the planktonic component of surface 
sediment diatom assemblages. Although the diatoms 
in the Chagan Lake sedimentary core were found 
largely similar to those in the modern dataset through 
the preliminary experiment, the use of the approach to 
reconstruct TP from fossil assemblages in sediment 
cores remains questionable as the sample type used to 
generate a modern dataset (modern phytoplankton 
samples) was not the same as that for which the 
transfer function will be applied (i.e. sedimentary 
assemblages). Usually, modern datasets are based on 
samples taken from the surface sediments in the 
centers or at the deepest points of the lakes (Adler and 
Hübener, 2007). A single sample is considered to 
represent a good approximation of the composition of 
a lake’s diatom species, including planktonic and 
benthic taxa. However, the combination of benthic 
and planktonic species in one dataset might be 
problematic, because benthic and planktonic species 
do not depend on the same environmental variables 
(Hansson, 1992; Blumenshine et al., 1997). Philibert 
and Prairie (2002) found that the inclusion of both 
benthic and planktonic species resulted in the transfer 

 Table 4 Comparison of test results of diatom-total 
phosphorus multi-transfer function models for 71 
sampling points on the Songnen Plain 

 Model  RMSEP   R  2 _Jack  Max. Bias 

 Inverse WA  0.237  0.640  0.786 

 Classical WA  0.259  0.646  0.634 

 Inverse WA tol   0.257  0.581  0.398 

 Classical WA tol   0.271  0.586  0.248 

 WA-PLS (Component 1)  0.237  0.6406  0.785 

 WA-PLS (Component 2)  0.207  0.726  0.440 

 WA-PLS (Component 3)  0.200  0.748  0.189 

 WA-PLS (Component 4)  0.199  0.758  0.124 

 WA-PLS (Component 5)  0.202  0.759  0.083 
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function with the most predictive power. In the future, 
relevant data of benthic diatoms in this area will be 
added to the background dataset. Also, the distribution 
of sampling points in the modern dataset was limited 
and the water samples were collected only once at 
each sampling point from June to August in 2008. In 
this case, we need to recognize the limitations of a 
single spot water chemistry value for capturing 
variables that experience high intra-annual variability, 
so it is necessary to expand the background data of 
other years in future research to improve the predictive 
ability of the model. 

 The results show that TP was the most important 
and signifi cant environmental variable to explain the 
distribution of diatoms, and it was the best variable 
for establishing the transfer function. In the CCA 
constrained to the nine environmental variables 
(Fig.3), the distribution characteristics of diatom 
species in the direction of TP gradient change refl ected 
the tolerance of species to TP, the farther the TP index 
forward end, the higher the tolerance of the distributed 
species to TP. Because of the good correlation between 
TP and the fi rst axis, it could be considered in general 
that the species distributed on the positive half axis of 
the fi rst axis had relatively high tolerance to TP and 
preferred a nutritious water environment, and the 
number of these species was close to 1/3 of the total 
number of diatom species. However, most of the 
species were distributed in the negative half axis of 
the fi rst axis, which indicated that the optimum TP 
content for the survival of these species was relatively 
low. Combined with the assemblage distribution of 
dominant species (Fig.2), it could also be found that 
the number of diatom species was less and the 
diversity was relatively low at the sampling points 
with higher TP content (above S52). The competition 
among diff erent algae, especially the development of 
blue and green algae in eutrophication water and their 
demand for phosphorus in a water body, were the 
main reasons for the decrease of the number and the 
diversity of planktonic diatoms (Bennion, 1994; Hall 
and Smol, 1999). 

 In addition, the TP content of 71 sampling points in 
the study area was 51–3 304 μg/L. According to the 
environmental quality standard for surface water 
issued by the People’s Republic of China, no water 
quality in the study area below Class III (≤0.05 mg/L) 
was considered as a mesotrophic to eutrophic type 
(Xiao et al., 2011). Therefore, when reconstructing 
the TP contents in the historical period with the model, 
some diatom species that prefer low-nutrition in the 

sedimentary core might be absent in the modern 
diatom dataset, which aff ected the quantitative 
reconstruction of TP based on the diatom transfer 
function and consequently led to the overestimation 
of TP concentration. The root cause of this 
overestimation phenomenon was the limited length of 
the TP gradient of the dataset and the lack of sampling 
points at low TP concentration (<51 μg/L). To solve 
this problem, the number of sampling points should 
be increased, especially the number of sampling 
points at the low value end of the TP gradient. 

 No matter in DCA analysis, preliminary CCA 
analysis or further CCA analysis, the cumulative 
variance value of the species data explained by the 
fi rst two axes was very low: 16.9%, 10.9%, and 9.7%, 
respectively. The above results are similar to those on 
the diatom in the lakes of the southern England and 
Chinese Tibetan Plateau found by Bennion (1994) 
and Yang et al. (2001), which might be that the diatom 
data contains many zero values (Jongman et al., 
1995), namely, a species is unlikely to appear when 
the water environment is above or below its tolerance 
range. Ter Braak (1986) pointed out that the 
appearance of this low variance percentage did not 
aff ect its interpretation of species data. 

 In terms of the establishment of transfer function, 
the four models established by the WA method 
showed large prediction errors (RMSEP) and small 
correlation coeffi  cients ( R  2 _Jack). Of them, the results 
of the Inverse WA regression model are basically the 
same as those of the WA-PLS component 1. The 
second component was generated by optimizing and 
recalculating the residual information amount 
correlation in the fi rst component of WA-PLS. Thus, 
it could be deduced that each component was 
generated by correcting and improving the previous 
component. To a certain extent, WA-PLS was an 
extension and development of WA (Battarbee et al., 
2002; Zhuang et al., 2014). It was apparent from the 
results of the transfer functions (Table 4) that the 
transfer functions established by WA-PLS had lower 
prediction errors (RMSEP) and higher correlation 
coeffi  cients ( R  2 _Jack) than the models established by 
the WA method. Therefore, the diatom-total 
phosphorus transfer functions established by WA-
PLS had signifi cantly more powerful derivation 
ability than the regression models established by WA 
method in the present study. 

 By comparing the TP transfer models established 
in other parts of the world (Table 5), the transfer 
function obtained in the present study had a smaller 
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prediction error (RMSEP) and higher regression 
correlation coeffi  cient ( R  2 _Jack) between the observed 
values and the predicted values, so the accuracy of the 
model established in this paper was satisfactory. The 
strong derivation ability of the model that might be 
benefi ted from the TP data used to establish the model 
in this study had a wide gradient (51–3 304 μg/L). In 
general, the longer the environmental gradient, the 
closer the response pattern of the species to the 
unimodal mode, and the more reliable the calculation 
results (Potapova et al., 2004). In addition, the 
analysis results of CCA indicated that TP was the 
unique major environmental parameter that could be 
used to establish the transfer function among the pre-
selected 15 environmental variables. Only TP was an 
important and signifi cant environmental variable 
aff ecting the distribution of diatom species in the 
present study. Diff erently, both pH and TP values had 
become the main environmental gradients due to the 
acidity problem in many lakes in Europe, leading to 
the diatom species response to both the change in TP 
and the pH value (Enache and Prairie, 2002; Dong et 
al., 2006). For this reason, a certain error occurred 
during the calculation of that model, which caused a 
reduction in its derivation ability. 

 5 CONCLUSION 

 In summary, there was a certain regional specifi city 
of the lakes on the Songnen Plain, planktonic diatoms 
from 71 sampling points in the study area displayed 
some responses to the measured environment 
gradients, and TP gradient was the most important in 
controlling the distribution of planktonic diatoms. 
The strengths and contribution of this study can be 
summarized as follows: (i) it is the fi rst time that the 
relationship between planktonic diatoms and 
environment variables has been explored at the 
regional level of the Songnen Plain, (ii) it is also the 

fi rst attempt to establish a diatom-environment (TP) 
transfer function for the region, and (iii) provision of 
a test of the potential for developing inference models 
based on modern phytoplankton samples rather than 
surface sediment diatom assemblages. 

 Perspectives to this work would be to quantify the 
role of the TP perturbations that aff ected the diatom 
communities in the lakes changing their compositions. 
The planktonic diatom-TP transfer function developed 
in the current research can be applied readily and 
appropriately to the reconstruction of lake water 
quality, the determination of reference conditions, 
and in ecological assessment for the lakes on the 
Songnen Plain. 
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