Microb Ecol (2014) 68:657-670
DOI 10.1007/500248-014-0442-1

MICROBIOLOGY OF AQUATIC SYSTEMS

Diversity and Distribution of Freshwater Testate Amoebae
(Protozoa) Along Latitudinal and Trophic Gradients in China

Lihua Ju - Jun Yang - Lemian Liu - David M. Wilkinson

Received: 11 March 2014 /Accepted: 22 May 2014 /Published online: 10 June 2014
© The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract Freshwater microbial diversity is subject to multi-
ple stressors in the Anthropocene epoch. However, the effects
of climate changes and human activities on freshwater proto-
zoa remain poorly understood. In this study, the diversity and
distribution of testate amoebae from the surface sediments
were investigated in 51 Chinese lakes and reservoirs along
two gradients, latitude and trophic status. A total of 169 taxa
belonging to 24 genera were identified, and the most diverse
and dominant genera were Difflugia (78 taxa), Centropyxis
(26 taxa) and Arcella (12 taxa). Our analysis revealed that
biomass of testate amoebae decreased significantly along the
latitudinal gradient, while Shannon-Wiener indices and spe-
cies richness presented an opposite trend (P<0.05). The rela-
tionship of diversity and latitude is, we suspect, an artifact of
the altitudinal distribution of our sites. Furthermore, biomass-
based Shannon-Wiener index and species richness of testate
amoebae were significantly unimodally related to trophic
status (P<0.05). This is the first large-scale study showing
the effects of latitude and trophic status on diversity and
distribution of testate amoebae in China. Therefore, our results
provide valuable baseline data on testate amoebae and
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contribute to lake management and our understanding of the
large-scale global patterns in microorganism diversity.

Introduction

Freshwater is central to the environmental sciences, and as
Moss rightly states, it is impossible to overestimate its impor-
tance [47]. Lakes and reservoirs are especially important
resources for the environmental quality, economic develop-
ment and social well-being in both developing and developed
countries [3, 47]. However, natural or human-induced de-
clines in freshwater biodiversity have influenced ecosystem
processes and decreased ecosystem services, thereby
diminishing human well-being [20]. A better understanding
how climate changes and human activities affect freshwater
ecosystems is needed for the effective management and res-
toration of lake ecosystems and the estimation of their re-
sponses to global change [17, 25]. In such studies, it is
important to choose representative biotic proxies and environ-
mental parameters to help quantify the state of the system.
Fortunately, lake sediments contain a natural archive of re-
mains of various organisms and therefore offer an excellent
potential for investigating the impact of climate or human on
aquatic ecosystems [68].

For lake ecosystems, diatoms and chironomids have been
successfully used as biotic proxies for the reconstruction and
assessment of past environmental conditions [9, 29, 38, 43].
Less well known are the more limited studies using testate
amoebae as bioindicators to test long-term environment
changes [18, 36, 45, 50, 61]. Testate amoebae are a polyphy-
letic group of unicellular protozoa which are characterized by
a decay-resistant and morphologically distinctive test [6].
Although polyphyletic, they form a functional grouping of
organisms with broadly similar ecologies [67], being an im-
portant component of aquatic ecosystems and playing a
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significant biogeochemical and ecological role in both terres-
trial and freshwater ecosystems [45, 87]. Due to their rapid
population growth rates, high abundance and diversity, well
preserved tests and most importantly environmental sensitiv-
ity, testate amoebae have recently been increasingly used as
biotic proxies of environmental change [45, 57, 76]. To suc-
cessfully use testate amoebae as environmental indicators of
anthropogenic global change, we first need to understand the
large-scale natural patterns in their distribution—here, we
focus on latitudinal gradients and trophic status of testate
amoebae in lakes and reservoirs across China.

The latitudinal gradient of species richness remains one
of the most prominent patterns in macroecology and bio-
geography [56, 58, 81]. Clearly, latitude itself is part of an
artificial grid system; however, it does nicely summarize
the empirical observation that species diversity in many
groups tends to decline as one moves away from the
tropics. Thus, latitude is a useful surrogate for a whole
range of features of the environment which is often used
in biogeographical analyses [64]. It has been long
established that the diversity of plant species and many
animal taxa decreases with increasing latitude. However,
there are a few exceptions to this general pattern, and the
patterns may be dependent on characteristics of spatial
scale and taxonomic hierarchy [81]. Thus, there is an
ongoing debate on the underlying mechanisms driving
the commonly observed decline of diversity along latitu-
dinal gradient [34, 58, 64]. Although well established for
many groups of macroorganisms, it has been unclear if
this classic pattern of high species richness at low lati-
tudes could apply to micrcoorganisms [64]. For example,
there is a lack of such a relationship for the well-studied
diatoms [31]. More recently, however, such relationships
have been described for some groups of microorganisms
such as freshwater phytoplankton [70] and planktonic
marine bacteria [24]. The ecology of testate amoebae
has been extensively studied in wetlands and terrestrial
soils [45, 74, 80], and there is published evidence that
testate amoebae species decreased towards high southern
latitudes in continental Antarctica [66]. However, Sherratt
and Wilkinson questioned if this relationship was robust
as more recent data from some of the high-latitude sites
used by Smith [66] has greatly increased the number of
recorded taxa [64, 65]. However, it seems clear that at
least some testate amoebae groups are largely restricted to
tropical and subtropical habitats. For example,
Hoogenraadia [8] is a largely tropical genus which sug-
gests the possibility of a peak in tropical diversity for
testate amoebae. In addition, an increase of biomass with
decreasing latitude was found in a European forest tran-
sect [62]. However, to our knowledge, there was still no
report on testate amoebae biomass in lake sediment along
a latitudinal gradient. In this study, we hypothesized that
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the abundance, biomass, species richness and diversity of
testate amoebae were negatively related to the latitude.
We tested this hypothesis by conducting a comparative
study of testate amoebae communities along a latitudinal
gradient ranging from about 23° to 50° N from surface
sediments in 51 lakes and reservoirs of China.

The relationships between testate amoebae communities
and lake trophic status have long been studied [21, 60, 72,
86]. However, the testate amoebae in the Eastern Hemisphere,
in contrast to the western, have been less extensively investi-
gated. In particular, previous records of testate amoebae in
lakes from China are few and scattered, and most of these
studies sampled lake waters—so only sampling planktonic
testate amoebae at a particular time of year [7, 55, 63,
85-88]. Recently, Yang et al. concluded that trophic status
was a main factor that governed the composition and
distribution of testate amoebae in Yunnan lakes [86]. It
has been widely reported that certain testate amoebae
species exhibit preferences for different eutrophic levels
[5, 55, 73]. Nonetheless, variable responses of testate
amoebae to trophic status are common, because they also
respond to other environmental factors, such as other
aspects of lake water chemistry, habitat heterogeneity
and invertebrate predation [21, 30, 36, 75]. Further, most
studies dealing with testate amoebae communities have
focused on freshwater ecosystems located in restricted and
narrow latitude or climate ranges. Since early surveys
pointed to a preponderance of unimodal relations between
trophic status and plankton [33], we hypothesized that the
abundance, biomass, species richness and diversity of
testate amoebae may present bell-shaped curves with tro-
phic state level being minimum at the oligotrophic and
hypereutrophic levels. We test this hypothesis by identi-
fying and comparing the patterns of responses of testate
amoebae communities to trophic indices across a large
geographic scale covering a variety of lakes and reser-
voirs in temperate and subtropical regions.

In the opening of a classic mid-twentieth century paper,
Hutchinson wrote ‘The great intellectual fascination of lim-
nology lies in the comparative study of a great number of
systems, each having some resemblance to the others and also
many differences’ [32]. Following Hutchinson’s lead, the
aims of this study were (1) to characterize testate amoeba
communities from surface sediments in 51 lakes and reser-
voirs of China and (2) to test whether the species diversity and
distribution of testate amoebae were significantly related to
latitude and trophic status, respectively, or largely driven by
more local lake-specific factors. By sampling surface sedi-
ments, we can collect data on both benthic testate amoebae
and planktonic forms—which have sunk to the bottom of the
lake—and such a sample gives a time-averaged description of
the testate community over a timescale of a small number
of years.
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Table 1 List of the 51 study lakes and reservoirs in China Table 1 (continued)
Lake code Lake name Region Trophic Latitude Longitude Lake code Lake name Region Trophic Latitude Longitude
state (°N)  (°E) state °N)  (°E)
1YLL Yilong L. YN HEU 23.6717 102.5892 49 BEL Bei’er L. ™M LEU 47.9336 117.7000
2 HBR Hubian R. FJ LEU 24.4972 118.1536 50 WLP  Waulanpao L. M LEU 48.3609 117.5229
3 FXL Fuxian L. YN OM 24.5676 102.8882 51 HHNE Huhenuo’er L. ™M MEU 49.2960 119.2344
4 BTR Bantou R. FJ LEU 24.6747 118.0214 South h 7 i il hes of th
. YN Yunnan, Southwest China, CJ the middle and lower reaches of the
5 SDR S%Hdm_l R. K LEU 246925 118.0092 Yangtze River Valley, China, EC East Central China, FJ Fujian, Southeast
6 TXR Tingxi R. FJ MES 24.8031 118.1392 China, /M Inner Mongolia region, North China, NE Northeast China, OL
7 DCL Dianchi L. YN HEU 24.8566 102.7039 oligotrophic, OM oligo-mesotrophic, MES mesotrophic, LEU light eutro-
8 DZR Dongzhen R FJ LEU 254839 118.9434 pth, MEU middle eutrophlc, HEU hypereutrophlc
9 EHL Erhai L. YN LEU 25.7334 100.2157 .
10CBL  CibiL. YN MES 261705 999397  Materials and Methods
11 HXH  Haixihai L. YN MES 26.2871  99.9671 .
12JHL  Jianhu L. YN MES 264865 999300  Study Areaand Sampling
13 SML Shengmu L. YN MES 26.6289  99.7091 . h ¢ L of 51 lak d .
147ZML  ZimeiL. YN oM 26.6319 997115 During é; summero1 201125 atotal of 51 ab es an 1re§er\lfons
ISTCL  Tiancai L. YN  OM 266343  99.7168 aclr‘z,stsud. “ia Wef S: ccted Orft“tate amoe aetai‘ag’;sta ‘;I(‘)go
I6LSH  LashiL. YN MES 268803 100.1283 ; aTl o m]a Fg,ra ;en%;anglltr,’idmng gfpm;“lina © yd 0
17HBHU HabahuangL. YN  OM 273465 100.0718 (Table 1, Fig. 1). The altitude of these lakes and reservoirs
. varied from 0 to 4,231 m. This study area includes several
18 HBHE Hababhei L. YN OM 27.3554 100.0701 . . . .
major climate types, namely subtropical monsoon climate,
19 LGUL LuguL. YN OL 27.7167 100.8000 . .
= temperate monsoon climate and plateau climate. Mean annual
20 XHZ Xiaohaizi L. YN MES 27.7403 100.7200 . . o
51SDL  Shudou L YN MES 279105 99.9506 temperature in east China ranges from —1.00 °C in the north-
udou - ' ' east to 21.00 °C in the southeast, and total annual precipitation
22 LGAL Longgan L. CJ MEU 29.9361 116.1661 . .
s increases from approximately 300 mm to more than 1,600 mm
23 TBL Taibai L. CJ HEU 29.9555 115.7979 . ..
T [77]. There is a large seasonal temperature variation (mean
24 LZL Ll‘angzl iL. d HEU 302405 1145122 temperature between July and January) range (9.50-53.00 °C)
25 NYL lemyl L. ¢ MEU 311190 118.9753 in different lakes and reservoirs along latitudinal gradient.
26 TAL  Taihu L. c HEU — 31.2199 120.1409 No specific permits were required for sampling these lakes
27GCL Guf_heng L. c MEU 312761 1189220 o reservoirs for the described field studies. The latitude and
28SIL Shijiu L. = LEU 314740 1188879 |4noitude coordinates and altitude for the sampling sites were
29CHL  ChachuL. a MEU 315193 117.5583 determined using a portable global positioning system (GPS)
30LML  Luoma L. EC MES 340534 1182205 (Jisibao G330, Beijing, China). At each lake or reservoir,
3IWSL  Weishan L. EC MEU  34.6388 117.2817 triplicate sediment samples within 10-50 m were collected
32DPL  Dongping L. EC MEU 359686 116.1921 from the deepest area using a Kajak sediment corer from a
33HSL  Hengshui L. EC MEU 376199 115.6251  smal boat. The upper 1 cm of the sediments from the triplicate
34YHL  Yuehai L. M MEU 385618 106.2040  gamples was mixed in the field and processed for testate
35BYD  BaiyangdianL. EC HEU 389432 1159826  amoebae remains, because the top 0—1-cm sediment repre-
36 XHL  Xinghai L. M MEU 389857 106.4048 sents an integrated sample of the entire lake’s production over
37HSH  Hasuhai L. IM MEU  40.6109 110.9715 the past 1-4 years [68]. Sediments were subsequently stored
38DHZ  Donghaizi L. M OM 40.6308 107.0031 in polyethylene bags at 4 °C in the dark. All samples were
39 WLSH  Wuliangsuhai L. IM LEU  40.8685 108.7931 returned to the laboratory as soon as possible (within 1 day)
40 QSHZ Quansanhaizi L. IM LEU 41.0679 107.8689 after fieldwork.
41 SLHZ  Shenglihaizi L. IM MEU 41.1225 107.8273
42 XMP  Xinmiaopao L. NE HEU 45.2120 124.4460 Testate Amoebae Analysis
43 KLP Kulipao L. NE MEU 453711 124.4967
44 YLP Yuehal_lgp ao L. NE MEU  45.7380 124.0030 In the laboratory, all sediment samples were preserved in a
45LMSP  Lamasipao L. NE HEU — 46.2915 124.0954 dark refrigerator with temperature at 4 °C to prevent the
46 AMTP ATutapao L NE HEU — 46.6081 1240612 ipfections from fungi and bacteria until analysis [6]. For each
47QIP Qijiapao L. NE MEU 468240 1242779 lake sample, 1 cm® of homogenized surface sediments was
48 TIL Tianhu L. NE HEU 46.8737 124.4015

subsampled and placed in a clean glass beaker containing
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distilled water, and subsequently stirred gently for 5 min to
separate mineral particles from the shells. The sample was
then sieved on meshes of 300 and 25 um to remove the large
particles and the fine organic and mineral detritus. All frac-
tions between 300 and 25 wm were washed into a brown bottle
and diluted to 50 ml with distilled water. Both living and dead
testate amoebae were examined in Hydro-Bios plankton
chambers under an inverted microscope at x200—400 magni-
fication, and all measurements of shell length or diameter
were taken using an ocular micrometre. Considering the aim
of'this study, relatively minor, but still potentially ecologically
relevant community changes need to be identified; thus, at
least 150 living and dead individuals were counted for each
sample [52]. Identification of the specimens was based on the
classic literature [13-16, 37,41, 42,49, 53, 63]. All specimens
were identified down to the lowest possible taxonomic level
except when insufficient taxonomic characters could be
observed.

Limnological Analysis

Water transparency was estimated in situ with a 30-cm diam-
eter Secchi disc. Water depth of sampling site was measured
with a Speedtech SM-5 Depthmate portable sounder
(Speedtech Instruments, USA). The depth-integrated water
samples were collected from the centre of the lakes or reser-
voirs for analysis of chlorophyll a, total nitrogen and total
phosphorus concentrations and measured according to stan-
dard methods [26]. Water temperature of the epilimnion layer
was measured using a multi-parameter water quality analyzer
(YSI, USA) every metre from the surface to bottom waters,
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and the mean value was recorded and used in this study. The
comprehensive trophic state index (TSI) was calculated using
the above-mentioned limnological parameters, including chlo-
rophyll a (ug 1), Secchi disc transparency (m) and total
phosphorus (TP, pg 1) [11]. The comprehensive TSI ranks
different trophic state conditions of lakes on a numerical scale
of 0 to 100: 0<TSI<30 oligotrophic, 30<TSI<40 oligo-
mesotrophic, 40<TSI<50 mesotrophic, 50<TSI<60 light eu-
trophic, 60<TSI<70 middle eutrophic and 70<TSI<100
hypereutrophic [11, 12, 84].

Numerical Analysis

The testate amoebae data were expressed as both abundance
and biomass. The abundance was calculated based on counted
testate amoebae numbers as the actual number of 1-ml sedi-
ment. The carbon biomass for each species was estimated
based on the shell geometric volume using our size measure-
ments and calculated using the following carbon/volume con-
version factor: 1 pm>=1.1x10"" ug C [78]. The total bio-
mass of testate amoebae in each lake or reservoir was a sum of
all individuals. To explore the testate amoebae community
variation along latitudinal and trophic gradients, five bio-
logical community parameters (i.e. abundance, biomass,
abundance-based Shannon-Wiener index, biomass-based
Shannon-Wiener index and species richness) in each sample
were calculated, respectively. The dominance value (Y) of
each species in each lake was obtained (ratio of the abundance
of certain morphospecies with total abundance in each lake)
[82], and taxa with a dominance value of more than 0.02 in
each sample were defined as dominant species of this lake.
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The Shannon-Wiener index was calculated on the basis of
abundance and biomass for each sample to examine the spe-
cies diversity because the calculations based on biomass may
be the best descriptors for the studied lakes and reservoirs [23,
50, 69]. The biotic data and environmental variables were
log(x+1) transformed to improve normality and homoscedas-
ticity before multivariate statistical analysis. Detrended corre-
spondence analysis (DCA) was applied to determine the gra-
dient length. Then, the canonical correspondence analysis
(CCA) was selected to determine the environmental variables
that had a greater influence on testate amoebae assemblages as
the gradient lengths were >3 standard deviations (4.0 SD for
axis 1). Forward selection and Monte Carlo permutation
tests (999 permutations under a full model) were used to
test the contribution and significance of each variable.
Partial canonical correspondence analysis (pCCA) was
explored to establish the marginal effect of each variable
(pCCA run individually with each environmental variable
without the forward selection procedure). Further, both
redundancy analysis (RDA) and partial redundancy anal-
ysis (pRDA) were also performed on Hellinger-
transformed abundance and biomass data to better high-
light discontinuities in communities. Moreover, RDA and
pRDA were run on both Difflugia abundance matrix and
the matrix without Difflugia species since Difflugia spe-
cies were dominant in many lakes and potentially could
mask some important information explained by less abun-
dant species. All the above analysis were performed using
CANOCO version 4.5 [71]. The relationships between
testate amoebae community parameters and latitude and
trophic status gradients were explored with Pearson cor-
relation coefficient () or Spearman correlation coefficient
(rs)—depending on the data characteristics. The data anal-
ysis was performed using PRIMER version 5.0, STATIS-
TICA version 6.0 and SPSS version 19.0.

Fig. 2 Number of testate
amoebae taxa per genus in 51
lakes and reservoirs in China

Genus
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Results
Testate Amoebae Community

In total, 169 testate amoebae taxa belonging to 24 genera were
identified in the surface sediments of the 51 lakes and reser-
voirs. The majority of these species (154 taxa) belonged to
order Arcellinida, Kent 1880. Most species and subspecies
were in the genera Difflugia (78 taxa), followed by
Centropyxis (26 taxa) and Arcella (12 taxa) (Fig. 2). The
species (including subspecies) richness in each lake or reser-
voir varied greatly; 23.7 % (40 taxa) of all the identified
species and subspecies were discovered only in one lake and
10.1 % (17 taxa) in more than half of the lakes. Moreover, the
highest-frequency species belonging to genus Difflugia (i.e.
Difflugia penardi) appeared in 49 lakes (96.1 %), and no
species were observed in all study lakes and reservoirs
(Fig. S1). The dominant species (species with dominance
index Y>0.02) differed greatly among the study lakes and
reservoirs (Table S1). For instance, Difflugia limnetica (Y=
0.64) was the commonest of the six dominant species in Lake
Dianchi, while Lake Lugu was dominated by ten species with
Difflugia gramen that was the commonest species (Y=0.26).

The species richness of testate amoebae varied between 7
and 46 taxa with a mean of 31+1 standard error (SE). The
testate amoebae abundance in sediment samples ranged from
536 to 10,850 ind. mI™" with a mean of 2,563+339 (SE) ind.
ml ", while the carbon biomass varied from 6.03 to 192.53 g
C ml " with an average 0f45.42+6.13 (SE) ug C ml ™" (Table 2).
Furthermore, the abundance of testate amoebae was positively
related to the biomass (7,=0.77, P<0.001, n=51). In addition,
both abundance-based and biomass-based Shannon-Wiener in-
dices were significantly positively correlated to species richness
at P<0.001, indicating that Shannon-Wiener index and species
richness were closely correlated with each other.

Centropyxis -

Difflugia

o

10 20 30 40 50 60 70 80
Number of species
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Table 2 List of the testate amoebae community parameters from the 51
study lakes and reservoirs in China

Lake  Abundance Biomass Species  Abundance- Biomass-

code (ind. mlI™") (ngCml") richness based H' based H'
YLL 1,408 16.85 28 2.48 271
HBR 2,700 55.68 28 2.68 2.33
FXL 1,790 11.25 18 1.69 1.57
BTR 7,840 121.42 30 228 2.07
SDR 8,120 146.97 29 247 2.28
TXR 1,590 25.74 37 297 2.84
DCL 922 18.80 17 1.47 1.39
DZR 835 14.43 25 2.33 2.40
EHL 2,534 78.45 39 322 2.87
CBL 2,163 21.19 28 2.33 2.69
HXH 1,185 11.16 14 0.76 1.14
JHL 1,508 44.04 19 2.15 1.69
SML 2,567 157.14 22 2.35 0.85
ZML 2,150 90.31 31 2.78 1.25
TCL 9,500 54.41 39 2.90 3.08
LSH 1,630 33.30 20 2.31 1.81
HBHU 2,717 29.68 24 227 2.50
HBHE 1,450 48.49 29 2.71 1.89
LGUL 599 6.69 32 2.78 291
XHZ 2917 31.90 24 2.08 1.96
SDL 655 96.25 42 3.18 1.19
LGAL 10,850 146.06 39 3.12 3.07
TBL 1425 25.14 32 2.65 271
LZL 1,850 37.37 28 2.60 244
NYL 3,750 53.41 38 2.90 295
TAL 1,920 20.00 30 2.10 251
GCL 6,225 100.53 40 2.85 2.84
SIL 8,375 192.53 40 2.82 2.30
CHL 4,125 85.00 24 1.82 1.72
LML 989 17.53 37 2.78 297
WSL 536 6.03 35 3.09 3.12
DPL 2,634 61.11 37 3.14 2.40
HSL 2,025 35.54 40 3.31 2.69
YHL 795 10.67 34 3.16 2.85
BYD 3,500 67.46 34 2.82 2.67
XHL 1,620 11.78 31 2.96 3.09
HSH 1,900 24.50 27 2.44 2.72
DHZ 4,300 18.73 7 0.59 0.90
WLSH 667 10.10 34 2.51 2.78
QSHZ 2,584 31.71 33 2.79 2.76
SLHZ 970 7.05 24 2.31 2.64
XMP 2,175 40.96 46 3.34 3.11
KLP 557 7.64 41 3.26 3.07
YLP 2,400 51.55 38 292 2.77
LMSP 906 7.69 24 2.48 2.71
AMTP 607 17.42 33 3.09 1.83
QJp 2,120 33.07 46 3.22 2.89
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Table 2 (continued)

Lake  Abundance Biomass Species  Abundance- Biomass-
code (ind.ml™") (ngCml") richness based H' based H'
TIL 1,186 23.66 21 234 1.30
BEL 1,350 22.34 38 3.01 3.01
WLP 591 11.55 38 321 2.98
HHNE 1,002 13.10 46 3.46 3.38

H' Shannon-Wiener index

All variables explained 6.1 % of the variance for
abundance-based communities in CCA axis 1, while 4.6 %
in axis 2 (Fig. 3a). The full CCA with forward selection of the
environmental variables showed that the geographical vari-
ables (altitude, latitude and longitude) were significant
(P<0.001) in affecting the testate amoebae assemblages.
However, the marginal effect of each variable based on pCCA
showed that latitude was significant at P<0.01 in structuring
the testate amoebae assemblages, whereas longitude (P=
0.023) and altitude (P=0.017) were significant at P<0.05
(Table S2). The CCA results based on biomass-based com-
munities were similar to CCA results based on abundance-
based communities (Fig. 3b). The full CCA with forward
selection of the environmental variables also showed that
latitude and longitude were significant (P<0.001) in affecting
the testate amoebae assemblages. The results of pCCA
showed that latitude and water depth were significant at
P<0.05 in structuring the testate amoebae communities
(Table S2).

Compared to CCA results, more variance was explained in
RDA, but both RDA based on abundance and biomass
showed that latitude was significant (P<0.05) in affecting
the testate amoebae assemblages similar as CCA results
(Fig. S2a, b). Moreover, both RDA and pRDA results of
abundance-based data with only Difflugia species and without
Difflugia species also emphasized the important effect of
latitude (P<0.05) (Fig. S2c, d, Table S3). Additionally, the
limnological variables chlorophyll a and total nitrogen (TN)
explained 5.1 and 4.4 % of the variance for Difflugia species
while temperature and transparency explained 4.5 and 3.7 %
of the variance for abundance-based communities without
Difflugia species, respectively.

Testate Amoebae Along the Latitudinal Gradient

Significant effects of latitude on four of the testate amoebae
community parameters (biomass, abundance-based Shannon-
Wiener index, biomass-based Shannon-Wiener index and spe-
cies richness) were detected in this study (Fig. 4b—e), while
abundance expressed a marginally significant relationship
with latitude (P=0.060) (Fig. 4a). The biomass of testate
amoebae showed a significant downward trend with the
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4 Fig. 4 Variation of testate amoebae community parameters along a
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based on abundance data, d Shannon-Wiener index based on biomass
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increasing of latitude (P<0.05). The highest values of abun-
dance (10,850 ind. ml™") and biomass (192.53 pug C ml™)
were, respectively, detected in Lakes Longgan and Shijiu,
which were approximately located at 29°-32° N. However,
Shannon-Wiener index and species richness of testate amoe-
bae exhibited a reversed trend with peaks at the high-
latitudinal lakes. When lakes of a similar altitude (all those
below 150 m) were compared, the same decreasing trend in
abundance and biomass (both P<0.05, n=25) and increasing
trend in abundance-based Shannon-Wiener index in relation
to increasing latitude (P<0.05, n=25) were found (Fig. S3).
However, neither biomass-based Shannon-Wiener index (7=
0.129, P=0.539, n=25) nor species richness (»,=0.244, P=
0.240, n=25) was significantly correlated with latitude. As an
alternative approach, we reassigned all the lakes’ new lati-
tudes based on their altitude values, that is moving high lakes
north and low lakes south—using an approximate lapse rate of
—0.60 °C per 100 m and a temperature decline of 0.75 °C per
degree of latitude [48] to assign the lakes’ new ‘corrected’
latitudes. Given the several mechanisms by which the actual
lapse rate can vary from our textbook simplification, this
approach should be interpreted with caution [46]; therefore,
we do not want to put too much emphasis on this analysis.
However, when we tried this approach, the significant corre-
lation between species richness and latitude also vanished
(rs=—0.027, P=0.850, n=51), as did relationships with the
abundance-based Shannon-Wiener index and the biomass-
based Shannon-Wiener index (P=0.581 and P=0.847, respec-
tively) (Fig. S4). Lake Donghaizi was a special lake which
located in the higher latitude (40.63° N), and only seven
species were identified from it in this study—since it was
dominated by Arcella hemisphaerica, abundance-based
Shannon-Wiener index was the minimum, and biomass-
based Shannon-Wiener index was also low (Table 2). The
highest species richness (46 taxa) occurred in three lakes
located in the higher latitude about 45°-50° N (Lakes
Xinmiaopao and Qijiapao in Northeast China and Lake
Huhenuo’er in Inner Mongolia, North China).

Testate Amoebae Along the Trophic Gradient

In this study, the comprehensive trophic state index (TSIc)
ranged from 29.7 in Lake Lugu to 82.5 in Lake Taibai, that is
the studied lakes were subjected to different trophic status
from oligotrophy to hypereutrophy. Neither abundance nor
biomass was significantly correlated with the trophic status,
but biomass-based Shannon-Wiener index and species rich-
ness both displayed a bell-shaped response along the trophic
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gradient with peaks at middle eutrophic status (Fig. 5). More-
over, abundance-based Shannon-Wiener index manifested a
similar response to trophic status with biomass-based
Shannon-Wiener index (P=0.074) (Fig. 5¢). The three lakes
with maximum species richness showed a similar value of
trophic status; they were Lakes Huhenuo’er (66.7), Qijiapao
(68.8) and Xinmiaopao (71.5). Although Lake Xinmiaopao
was defined as hypereutrophic status, it was classified some-
where near the border of middle eutrophy and hypereutrophy
according to its TSIc value.

Discussion
Community Composition and Diversity

Our study showed that 169 testate amoebae taxa were identi-
fied in the surface sediment samples. Comparing to studies
carried out in other counties, for example 17 species and 28
strains were identified in 31 lakes from Florida [22], the
diversity of testate amoebae in China was relatively high.
Although testate amoebae communities were structurally dif-
ferent between lakes and reservoirs, most species and subspe-
cies were in the genera Difflugia, Centropyxis and Arcella,
which are consistent with previous studies in plateau lakes in
Yunnan and in Tibet, China [63, 85, 86]. Similarly, Qin et al.
found that Difflugia (21 species, 81 %) and Centropyxis (3
species, 11 %) were the most abundant and diverse genera in
Lake Zhangdu in central China [55]. Since these patterns were
observed in several different studies and areas, it seems likely
that Difflugia and Centropyxis have the highest number of
species in lake ecosystems of China. Indeed, the same domi-
nant genera were found in lake deposits in Europe and North
America [22, 76] and even in Arctic and Antarctic regions
[83]. Recently, Alves et al. also showed that Difflugia (41
species), Arcella (18 species), Centropyxis (11 species) and
Lesquereusia (10 species) were the most common genera in a
lake of Brazil [1].

Furthermore, the typical dominant taxa D. gramen
globulosa, D. limnetica and D. penardi in our study
(Table S1) have been previously reported to be the typical
component of many lake ecosystems [4, 6, 76]. In fact, many
of the lake-dwelling testate amoebae species are considered
cosmopolitan in their distribution [35]. The typical taxonomic
composition of testate amoebae assemblages which were
based on extensive sampling and a comprehensive range of
trophic status suggests that our findings could be extended to
other lake ecosystem beyond the limits of the studied location.

Both CCA and RDA suggested that testate amoebae were
responding to a number of environmental variables in the
studied lakes and reservoirs, especially geographical factors
(varying with both latitude and longitude and altitude).

However, the relatively small size of these effects also con-
firmed the importance of other factors. Tables S2 and S3
revealed that water depth and temperature were significant
in structuring testate amoebae assemblages, respectively. The-
se limnological variables may easily contribute to structuring
testate amoebae assemblages either directly or through their
association with other biological factors. For example, water
temperature may contribute to the distribution of testate amoe-
bae indirectly as it interacts strongly with food availability,
phytoplankton abundance, sediment properties, oxygen con-
ditions and optical properties [34, 58, 73]. Furthermore,
significant effects of chlorophyll a and TN on Difflugia assem-
blages while temperature for abundance-based communities
without Difflugia species except geographical factors indicat-
ing that rare species may be affected by different environmen-
tal variables. Thus, the distribution of testate amoebae was,
perhaps unsurprisingly, a complex effect of climatic, geograph-
ical and limnological factors along with potential effects from
human activities.

Latitudinal Gradient in Testate Amoebae

Hillebrand and Azovsky concluded that the species richness
of large organisms such as vertebrates decreases from the
tropics to the poles, whereas the relatively small protozoa
showed weak or no correlations between species richness
and latitude [31]. For testate amoebae, there has to our knowl-
edge been only one report describing a decrease in species
richness towards high southern latitudes from temperate to
polar regions [66]. We expected to find either a negative
correlation between latitude and testate amoebae diversity in
lake ecosystems or no correlation, but our results did not
appear to support either of these alternatives. On the contrary,
a remarkable reversed trend was found with taxon richness
increasing at higher latitudes. Such a pattern would be unusu-
al, but not unique, as various macroscopic taxa—such as
penguins, and both soil-living oribatid mites and nematodes
showed such a pattern [64].

An obvious confounding factor in our data is the non-
random altitudinal distribution along our transect—for exam-
ple some of the mid-latitude lakes are at over 4,000 m while
many of the high-latitude ones are around 130 m in altitude. A
simple approach to removing this effect is to analyze a sub-
sample of the lakes of similar altitude. Lakes below 150 m (n=
25) are found throughout our transect, and for these, there is
no significant correlation between latitude and species rich-
ness (Fig. S3). Another more complex approach is to reassign
all the lakes’ new latitudes based on their altitude values.
Again, the significant correlation between species richness
and latitude vanished (n=51), neither does abundance-based
Shannon-Wiener index nor does biomass-based Shannon-
Wiener index (Fig. S4). Thus, we suspect that the interesting

@ Springer



666

L. Juetal

Fig. 5 Variation of testate
amoebae community parameters
along a trophic status gradient.
a Abundance, b biomass, ¢
Shannon-Wiener index based on
abundance data, d Shannon-
Wiener index based on biomass
data and e species richness
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‘reverse’ relationship between species richness and latitude is
an artifact of the altitude distribution of our sampling sites.

For testate amoebae, a close correlation between species
richness and climate variables has previously been reported
[80, 87]. In this study, the water temperature did not manifest a
conspicuous relationship with testate amoebae species rich-
ness along latitude (rs=0.085, P=0.551, n=51). In fact, the
seasonal temperature variation was great especially in higher
latitude, and the range of mean temperature between July and
January was significantly positively correlated with testate
amoebae Shannon-Wiener indices and species richness
(P<0.001, n=51). Normally, the mean temperature of the
regional atmosphere is highly correlated with the water tem-
perature in the epilimnion layers. Although all samples were
collected during the summer, the water temperature still varied
from 7.10 to 33.04 °C, which largely contributed to the
distribution and diversity of testate amoebae. Broader temper-
ature range may help to select or harbour more species which
could live in cold climate conditions according to their unique
niche width. For example, Patterson et al. noted that the
division between two recognized testate amoebae assem-
blages appears to be a function of seasonal temperatures
(assemblage I occurs where summer temperatures reach
values greater than 18 °C while assemblage II occurs below
the thermocline where temperatures do not exceed 6 °C) [51].
Further, wider temperature ranges could increase habitat het-
erogeneity by changing the diversity of aquatic macrophytes
or other organisms, and thereby the testate amoebae species
richness.

Furthermore, White et al. showed that zooplankton bio-
mass generally increased in the epipelagic zone (0-200 m)
towards the equator in the Pacific Ocean roughly along 140°
W from 12° N to 12° S [79]. This increasing trend towards
lower latitude in zooplankton biomass was consistent with our
results. The growth rate of organisms was presumably direct-
ly, or indirectly, affected by energy or temperature [34, 58]. In
our study, the majority of testate amoebae were planktonic
forms [85, 87, 89]. Low temperature in winter in higher
latitude could largely limit the growth of aquatic organisms
including testate amoebae and their food (e.g. algae) [73],
resulting in less biomass compared with those in the lower
latitude. Thus, the decreasing biomass of testate amoebae with
increasing latitude may be due to the temperature variation—
note that our sediment samples represented the last 14 years’
lake production [68] and so are an ‘average’ of several years’
production. Since the abundance of testate amoebae was
positively related to the biomass in this study, it was not
surprising that abundance displayed the similar distribution
trend with latitude as biomass did.

Comparisons of abundance, biomass and diversity of tes-
tate amoebae in lake sediments along latitudinal gradients
would ideally include tropical, temperate and Antarctic/
Arctic zones. In fact, studies on bacteria or metazoa along

latitudinal gradient that span the three climate zone have been
conducted. For instance, Fuhrman et al. found that a signifi-
cant latitudinal gradient in planktonic marine bacteria richness
from tropic to polar in both hemispheres with maximum
appeared in lower latitude [24]. However, Procter found that
the species richness, densities and biomass of free-living soil
nematodes were often higher at high latitudes than at lower
latitudes and nematodes were most diverse and abundant in
temperate regions [54]. One limitation of our research was that
our study area covered mostly temperate and subtropical
regions. Overall, our results provided basic ecological data
on the relationship between testate amoebae and latitude and
indicated that temperature may be an important predictor of
differences in community composition of testate amoebae.

Trophic Gradient in Testate Amoebae

The response of testate amoebae to trophic status has been
reported in lakes and rivers from many different regions [6,
10], and the results suggested that testate amoebae could be a
new tool for monitoring long and short terms of trophic status
changes in aquatic ecosystems. Yang et al. revealed that some
Centropyxis species were rare in hypereutrophic lakes [86],
which was in line with our results which showed that
C. playstoma only dominate in lakes with comprehensive
TSI below 60, namely below middle eutrophic level. More-
over, Qin et al. suggested that Difflugia biwae, Difflugia
tuberspinifera and Difflugia pristis were good indicators of
oligotrophic conditions while Difflugia oblonga, Difflugia
corona, Difflugia smilion and Difflugia lanceolata were spe-
cies more common to mesotrophic and eutrophic systems
[55], which was also in accordance with our results that D. biwae
and D. tuberspinifera mainly occurred at light eutrophic and
middle eutrophic levels. Additionally, the occurrence of
Arcella hemisphaerica and Centropyxis aerophila indicated
oligotrophic conditions, and the appearance of Difflugia
urceolata indicated significant eutrophication [6]. It appeared
that some testate amoebae species may have a preference for
certain trophic levels; thus, the community composition can
be used as indicators of extreme living environment or rapid
changes of lake ecosystems.

The abundance and biomass of testate amoebae in our
study did not manifest a unimodal relationship with trophic
status as we have hypothesized. Given the discussion of the
latitude gradient above, one possible reason is that the testate
amoebae abundance and biomass were affected more by tem-
perature variation. However, our results suggest that a
unimodal relationship between testate amoebae diversity and
trophic status with the highest diversity occurred in lakes of
mid-eutrophic status. That is, most of testate amoebae species
would prefer moderate trophic status, while only few species
may prefer extreme environment, either oligotrophic or
hypereutrophic. This relationship is also well known from
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many terrestrial plant communities [27, 28]. The number of
samples involved in our studies was of the same order of
magnitude as that of many other studies for which unimodal
responses have been reported [19]; thus, the trophic status
gradient spanned from oligotrophic to hypereutrophic status,
and the range was wide enough to detect the unimodal curve.
Many studies of the historical development in diversity of
diatoms or zooplankton also revealed a unimodal relationship
with increased trophic status [19, 33], whereas others record a
monotonical decline [39].

Diversity indices were sensitive to invasion barriers, pH,
latitude, lake area, habitat heterogeneity, predation and distur-
bance apart from ecological stress factors such as eutrophica-
tion [33]. Thus, microorganism diversity could exhibit various
trends along trophic status gradient considering all the affected
variables. One of the possible explanations may be that the
middle eutrophic conditions provided more appropriate food
(mainly bacteria, fungi or protists) for most of testate amoebae
species [44, 59]. Simultaneously, high nutrients usually result
in changes in community structure at each trophic level or
within different taxonomic groups, such as promoting the
propagating of algae [40], which may affect the abundance
of testate amoebae since algae was one of the important food
sources [73]. However, hypereutrophic conditions may lead to
harmful algal blooms [2], causing a variety of water quality
problems and decreasing testate amoebae abundance and spe-
cies richness. Further, variables such as heterogeneity and pH
may, in turn, be influenced by eutrophication, reflecting
changes in amount of their food or predator in a more indirect
way, which may provide an additional explanation for
unimodal richness responses along broad trophic status gradi-
ent in aquatic ecosystems [19, 33]. As a whole, our results
provide further support for the idea that testate amoebae
diversity and distribution were sensitive to trophic status and
maximum diversity appeared in middle eutrophic status.

Conclusion

This is the most geographically extensive study focusing on
testate amoebae communities in the surface lake sediments of
China in relation to latitude and trophic status to date. The
diversity of testate amoebae in China is high with 169 taxa
belonging to 24 genera identified in this study. The diversity
and distribution of testate amoebae varied significantly be-
tween lakes and reservoirs. However, Difflugia, Centropyxis
and Arcella were the most diverse and dominant genera in
these freshwater ecosystems—so illustrating Hutchinson’s
point about sets of lakes exhibiting an interesting mix of
generality and site-specific details [32]. Our results clearly
showed that trophic status is significantly related to testate
amoebae diversity and distribution. The unimodal

@ Springer

relationships between testate amoebae diversity and trophic
status indicated that most testate amoebae species are more
likely to live in middle eutrophic status environment. The
results also appeared to show a significant relationship be-
tween species richness and latitude; however, this is probably
an artifact of the non-random distribution of altitudes of our
study sites. Our results demonstrate that water temperature
variation can significantly influence the diversity of testate
amoebae community, thereby indicating that testate amoebae
could be used as a bioindicator in assessing the global
warming.
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