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Abstract

Phosphorus loss from fertilization is a significant source of pollution to
freshwater lakes worldwide. Production of flowers, vegetables, staple food and
vineyard in regions surrounding Dianchi, Erhai, Fuxian and Xingyun lakes in
Yunnan Province is large-scale. Previous studies have shown that annual fer-
tilizer application rates (AFARs) were excessive in these regions. Significant
amount of arable land near lakes has been used to build recreational parks
with plants that receive less fertilization to reduce P loading. To answer
whether rAFARs were associated with specific crops, AFARs of specific land
uses were investigated through interviews. To estimate P loading, NaHCO,-P
and NaOH-P concentrations were measured in 753 soil samples of selected
layers (0 - 5, 5 - 20, 20 - 40 cm) in regions surrounding these lakes. Soil tex-
ture, pH, and cation exchange capacity (CEC) were analyzed to characterize
soils. P loading was high ranging from 999 to 2094 mg P/kg as measured by
NaOH-P, and levels of NaHCO,-P from 18.6 to 92.2 mg P/kg. AFARs to
flower (4745 kg/ha), and vegetable (2967 kg/ha) were higher than those ap-
plied to staple food (945 kg/ha), and plants in recreation parks (200 kg/ha).
The highest NaHCO;-P and NaOH-P concentrations in selected layers were
associated with production of flowers, vegetables, and grapes. Although all
layers of soils that were used for recreation parks in regions near Dianchi lake
contained lower NaHCO;-P, NaOH-P was almost as high as with soils culti-
vated with flowers probably reflecting historical additions or differences in
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soil type. Here we show for the first time in local regions that the production
of flowers, grapes and vegetables was a critical source contributing to the
buildup of both readily available (NaHCO;-P) and reversibly available P
(NaOH-P). Build-up of recreational parks with plants that receive less fertili-
zation would be a long-term remediation to reduce P loading of soils in re-

gions near Dianchi lake.
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1. Introduction

Anthropogenic nutrient loading is a problem that affects the water quality of
freshwater lakes and the provisioning of drinking water worldwide. Freshwater
systems exposed to eutrophication require significant nutrient management in
order to restore water quality for human and habitat use. Globally, the export of
bioavailable phosphorus is of increasing concern due to its adverse impact on
freshwater water quality. Phosphorus, in particular, persists in a labile form
through various degrees of adsorption to soil inorganic surfaces. Phosphorus is
often a limiting factor for phytoplankton and aquatic plant growth in lakes [1].
Phosphorus input from agricultural practices can be limited through improved
nutrient management programs.

Fertilizers contribute substantially to the global anthropogenic P load into
streams and lakes [2]. Applied P designed to be plant-available is, therefore,
more likely to be exported [3]. Guo and Yost (1998) characterize the various
fractions in soil into “readily plant-available” and “reversibly plant-available”
and “sparingly available” forms based on plant uptake data. In Yunnan province
in southwest China, inland alpine lakes have supported the local people for
thousands of years by providing irrigation water, drinking water, farming, fishe-
ries, flood protection and recreation. However, in the last 70 years there has been
a conversion from oligotrophic to nearly entirely eutrophic aquatic systems due
to deforestation, agricultural inputs and wastewater contributions [4]. Recent es-
timates suggest that the lakes on the Yunnan plateau are some of the most pol-
luted in China [5]. The water quality of Dianchi lake is categorized as heavily
polluted; algae blooms have taken place every year in the last two decades. The
average values of total nitrogen (N) and total phosphorus (P) of Dianchi lake are
respectively, 6.5 mg/L and 0.17 mg/L [6], of Erhai lake, 0.48 mg/L and 0.04 mg/L
[6], and of Fuxian lake 0.15 mg/L and 0.007 mg/L [4].

Approximately 45% of the total P inputs to Dianchi lake are reported to be
sourced from agricultural land uses [5], which, therefore, presents an opportu-
nity to reduce the overall P input into the lake through appropriate land and nu-
trient management strategies [7]. However, in order for producers and land use

managers to make recommendations on how to optimize P fertilizer rates, they
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need to know for which crops fertilizer needs are most misaligned with current
fertilizer rates as well as the properties of the soils to which the fertilizer is ap-
plied. Determination of fertilizer rates for specific land uses has been lacking for
this region. Plant availability of input P as well as release of P depends on soil
properties [8] [9]. However, there apparently is little information available on
the underlying soil characteristics regarding P sorption and subsequent plant
availability that can be used to guide fertilizer application rate.

Excessive use of chemical fertilizers is common in regions surrounding Di-
anchi lake, Erhailake, and Fuxian lake (Figure 1). These are the three largest
lakes in Yunnan province. A survey conducted in 2012 reported that in the
northeast of Dianchi lake, chemical fertilizer application rates ranged from 1800
to 7500 kg/ha for selected landowners [10]. In regions surrounding Fuxian
lake, on the average, the chemical fertilizer application rates were as high as
3900 kg/ha in 2002; to the north of Erhai lake, in 2010, the chemical fertilizer
application rates ranged from 250 to 1100 kg/ha [11].

The area of arable land is decreasing because of urbanization, leading to agri-
cultural land conversion to diversified agriculture, specialty crops and floricul-
ture. Specifically, there was a recent shift from cultivating staple food crops such
as rice and maize to cultivating crops such as flowers, vegetables and other crops
with higher profits for producers. Previous studies have shown that specific land
uses, field management techniques, fertilizer application rates and plant species
were factors that increase variability of P concentrations in soils [3] [12]. In the
last two decades, because of the concern on the degrading water quality , in re-
gions around these lakes, significant amount of arable land has been used to
build recreational parks with bush, tree and herbaceous perennials that receive
much less fertilization.

To provide more accurate soils information to characterize and assess current
P fertilizer application rates and to suggest ways to limit further P related pollu-
tion, this study analyzed the relationships between soil P concentration, land
use, crop types and soil properties for four lakes on the Yunnan plateau. The
questions addressed in this paper were as follows: 1) is the excessive fertilization
related to specific crops? 2) how does excess fertilization influence P concentra-
tions in different layers of soils? And 3) what are some options for reducing P
export to the lakes caused by excessive levels of fertilization and the high levels
of soil P? This study investigated these questions in order to identify best man-
agement practices and field management that could help reduce excessive levels
of P in the associated lakes and water bodies. By analyzing P concentrations in
soils of recreation parks with plants that receive less fertilization, we aim to eva-

luate the effect of less fertilization in reducing P loading.

2. Materials and Methods
2.1. Site Description

Dianchi lake, Erhai lake, Fuxian lake, Xingyun lake, and the region east to

Yangzong lake and Nanpan river are situated in the east of Yunnan province;
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Figure 1. Dianchilake, Erhai lake, Fuxian lake, Xingyun lake, Yangzong lake and Nanpan
river in Yunnan Province, China. Soil samples surrounding lakes were taken in locations
represented by black solid circles in the figure.

while Erhai lake is located in the Northwest (Figure 1). The elevation of the re-
gion surrounding Dianchi lake is about 1880 m compared to 1730 m for Fuxian
lake and Xingyun lake, 1970 m, further west, for Erhai lake, 1770 m for Yang-
zong lake, and 1530 m for Nanpan river. Annual rainfall in regions near Dianchi
lake was 840 mm, Erhai lake 1036 mm, Fuxian and Xingyun lakes 854 mm,
Yangzong lake 858 mm, and Nanpan river 847 mm [annual rainfall in the se-
lected regions surrounding lakes and near the river was a 30-year (1986-2015)
average obtained from the Department of Meteorology, Yunnan Province]. The
volume of Dianchi lake is 1.4 billion-m? Erhai lake 2.8 billion-m®, Fuxian lake

18.8 billion-m?, Xingyun lake 0.2 billion-m®, Yangzong lake 0.6 billion-m’.

2.2. Interviews

A focus group comprised of officers of the departments of agriculture in each
local government was asked to describe the most economically important crops
in regions near the lakes and the river. In regions near Dianchi lake, flower
[carnation (Dianthus sp.), Lisianthus flower (Eustoma sp.), baby’s-breath (Gyp-
sophila sp.), and rose flower (Rosa sp.)] production covers about 3300 ha, and
recreation parks (cultivated with herbaceous perennials and bush), 2000 ha. In
regions near Fuxian and Xingyun lakes, flower production covers about 3100 ha,
vegetables [coriander (Coriandrum sativum), garlic (Allium sativum), pepper

(Capsicum sp.), and tomato (Solanum Iycopersicum)], 65,000 ha, recreation
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parks, 80 ha. In regions near Erhai lake, staple food [maize (Zea mays), rice
(oryza sativa), taro (Colocasia esculenta)] covers about 28000 ha, recreation
parks, 130 ha, vegetables, 12,000 ha, Tobacco (Nicotiana sp.), 31,000 ha, vi-
neyard, 12,200 ha. Due to the climate in these regions being sub-tropical; crops
can be grown across the whole year.

We conducted interviews between June and August 2016 in order to obtain
estimates of annual fertilizer application rate (AFAR) in farms surrounding the
selected lakes (Figure 1). The farms included in this project’s sampling were se-
lected because they had consistently maintained crop production practices for at
least two years prior to the study. The number of farms that meet this criterion
was 84. Producers were asked the following questions: 1) How many years have
they applied or used the same crop and field management? And 2) what is the
average annual fertilizer application rate for one mu (One mu is the unit of land
measure in China (approximately 666 m*). Forty two out of 84 producers did not
quantify or did not answer the second question and were not included in the es-

timates of fertilizer application rate reported in this manuscript.

2.3. Soil Sample Analysis (NaHCO;3-P and NaOH-P)

In order to quantify and understand the effect of crop, lake location, and soil
properties on P concentration, we collected 753 soil samples from 84 sites collo-
cated with farms. Samples were collected avoiding the edges of the farm plots
in order to be representative. At each site three replicate soil samples were
randomly collected from three layers, namely, A (0 - 5 cm), B (5 - 20 cm), C
(20 - 40 cm). At location D10, samples of layer C were not taken, because the
soil was too shallow. In total, there were 234 soils samples from flower produc-
tion, 18 from orchard, 177 from recreation parks, 117 from staple food, 18 from
strawberry, 36 from tobacco, 9 from tree plantation, 117 from vegetables, 27
from vineyard.

These three depths were chosen based on the following 1) Due to concern
about soil-derived P entering the surface runoff, we sampled the 0 - 5 cm zone,
which is the zone in direct contact with surface runoff. 2) The 5 - 20 cm zone,
being the likely crop rooting zone, is usually tilled, fertilized and is thus the zone
that provides the majority of the nutrients to the various crops. 3) The 20 - 40 cm
zone is usually below the zone of tillage and direct fertilizer application and in-
corporation and thus likely represents the historical, long-term P status reflect-
ing the dynamics of soil development as well as an indication of possible deeper
leaching of fertilizer P.

Prior to analyses, we air-dried and homogenized all soil samples, and sieved
each through a 2-mm mesh. Following recommendations from Guo and Yost
(1998) and considering that the soils were generally of pH less than 7, we deter-
mined NaHCO,-P as a measure of “readily available P” and NaOH as a measure
of “reversibly available P”. We chose to use the Page (1965) procedure, which
recommends 0.5 M NaOH rather than the 0.1 M NaOH method suggested by

Hedley, et al [13] in order to more completely extract this fraction of P. Samples
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for NaHCO,-P analysis were prepared from 2.5 g of soil with 50 mL of 0.5 M
NaHCO; solution (pH 8.5) for 30 min [14]. Phosphorus concentrations were
determined by UV-VIS spectrophotometer 752 (APL Instruments Shanghai Co.,
Ltd., Shanghai, China).

2.4. Determination of pH, Cation Exchange Capacity (CEC) and Soil
Texture

Soil samples of layers A (0 - 5 cm), B (5 - 20 cm), C (20 - 40 cm) for each repli-
cate were pooled and homogenized. CEC was determined by titrating the distill-
ate with 0.025 M HCI from 5 g soil saturated by 1 M CH,COONH, with pH ad-
justed to 7 [15]. Soil pH was measured in deionized water with a soil to water ra-
tio of 1:2.5 by a glass electrode (Mettler-Toledo Inc. Greifensee, Switzerland).
Soil texture was determined by the pipette method following the protocol ac-
cording to [16]. Based on determined proportions of sand, silt and clay, texture
classes of soils were categorized using soil texture calculator (NRCS, USDA).

2.5. Data Analyses

Statistical analyses were conducted using R. Mean values of AFARs on each crop
type were calculated, and standard error was calculated. Dependent variables
NaHCO;-P, and NaOH-P of the three layers in soils; CEC, pH, sand, silt and clay
of a composite of the three layers were natural-log transformed to normalize the
data for analysis of variance (ANOVA). The values presented in figures were
back transformed for readability. We tested the effects of replicates as a random
factor on dependent variables, and determined effects of the following fixed fac-
tors: region surrounding the lake, land use, crop types, and location on depen-
dent variables using ANOVA. We considered effects statistically significant
when P < 0.05. Post hoc analyses were conducted using Fisher’s least significant
difference (LSD) in the “agricolae” package. Correlation analyses (Pearson) us-
ing the means between concentrations of NaOH-P and NaHCO;-P were con-
ducted. Correlations were considered statistically significant when P < 0.05. Data
of dependent variables of Nanpan River and Yangzong lake were not subjected

to correlation analysis because of too few observations.

3. Results and Discussion

3.1. High Annual Fertilization Application Rates (AFAR) Were
Associated with Production of Flower, Strawberry and
Vegetables

Annual fertilization application rates (AFARs) for crop production in regions
near water bodies of these lakes and the river were the highest for flower, straw-
berry and vegetable production. All producers reported adopting split applica-
tion of fertilizers during the growing season; they usually apply N-P-K fertilizers
at vegetative stages of crops, and mainly potassium (K) when plants are about to
flower. Producers reported the total amount of chemical fertilizers they used

annually for all fertilizer types or grades. AFARs in all regions (Figure 2) were
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Figure 2. Annual fertilizer application rates (AFAR) of different land uses in regions near lakes and the river (42 out of 84 pro-

ducers reported AFAR), error bars are 2 x Standard Error, In these regions, the ratios of N:P:K of composite fertilizers are mostly
11:11:11 and 17:17:17. NaOH-P, NaHCO;-P concentrations under different land uses in layer A (0 - 5 cm), B (5 - 20 cm), C (20 -
40 cm) of soils in regions near lakes and Nanpanriver. Bars with same letters are not significantly different based on L.S.D. test (P

< 95%).

higher for flower production, ranging from 4000 - 7500 kg/ha, compared with
vegetable fertilizer application rates were between 2500 - 3000 kg/ha. One pro-
ducer near Erhai lake reported using 7500 kg/ha chemical fertilizer in strawberry
production. For other crop production near Erhailake, including staple food,
orchard, plants in recreation parks, fertilizer rates were much lower. In these re-
gions, the ratios of N:P,0,:K,O of composite fertilizers are mostly 11:11:11 and
17:17:17. If all producers used composite fertilizer with a ratio of 11:11:11, the
rate of annually applied P to soil ranged from 7.3 to 435.5 kg P/ha. In the case of
17:17:17, the rate ranged from 11.2 to 673.2 kg P/ha.

Understanding which crop type uses the most fertilizer in which regions is an
important first step to optimizing fertilizer rates, beginning discussions about
where to apply nutrients, and when to apply and which type to apply. Conversa-
tions with producers determined that the higher rates can be attributed to the
following: 1) These crops were produced multiple times per season; 2) For

flower production, investment in building poly-houses and purchasing seedlings
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is high, thus the producers tend to adopt the “maintain and increase” method to
eliminate the possibility of nutrient deficiency. Producers apparently neglected
soil texture when determining application rates and rather decided rates based
on land use and the selected crop types. Precise use of chemical fertilizers based
on both crop type and soil properties seems to in a rudimentary stage in regions
included in this research. In China, according to the statistics from Ministry of
Agriculture, national application rates of chemical fertilizers per unit of land are
about 2.5 times the amount applied in both the US and EU
(http://www.moa.gov.cn/zwllm/tzgg/tz/201503/t20150318_4444765.htm).

3.2. High P Concentration in Soils Is a Potential Pollutant Source
to Water Bodies

NaOH-P concentrations were high in soils of regions near all lakes, according to
criteria of Shangguan, et al [17]. Even total P concentrations, which are typically
higher than NaOH-P, are usually found to be less than 1000 mg P/kg [18]. Our
data show that the average values of layers in different regions ranged from 999 to
2094 mg P/kg for NaOH-P (Table 1), and for NaHCO,-P from 18.6 to 92.2 mg
P/kg. In China, generally, 20 mg P/kg NaHCO,-P in soils is considered as op-
timal for plant growth; and 40 mg P/kg of NaHCO,-P as excessive for maximum
growth of crops [19]. These levels of “readily available P” are clearly in excess of
virtually all published sufficiency or optimal levels and suggest that with the
possible exception of small amounts of starter P, no further P fertilization is
needed for nearly all crops. Some crops do not have published critical levels and
thus further research is needed to obtain such levels.

A significant positive correlation between NaOH-P and NaHCO,-P (y = 0.69x
+ 3.52, P < 0.01) in all layers of soils near lakes reflects the dynamic relationship
between reversibly-available P and readily-available P, respectively (Guo et al
2000). Fertilizer P is usually quickly transformed into fractions of differing
availability to plants according to soil sorption properties. Hence, high P input
from massive fertilizer applications in regions surrounding these lakes will likely
contribute to the buildup of the legacy P. The reversibly-available NaOH-P in
the 0 - 5 cm soil layer (Table 1) of soils in regions near these lakes ranged from
about 1300 - 2100 mg P/kg and has the potential to be a significant, long-term,
non-point source of P pollution to the water bodies of lakes. Also of interest is
the observation that Fuxianlake, which has some of the lowest levels of P in the
lake water, also has some of the highest levels of NaHCO,-P and NaOH-P in
soils associated with the lake. The contrast may provide an opportunity to better
understand factors that limit the loss of P from heavily fertilized soils to asso-

ciated water bodies in this context.

3.3. Production of Flower, Strawberry, Vegetable, Tobacco and
Grapes as Critical Sources for Legacy P Buildup

For flower, vegetable, grape, tobacco, and strawberry crops, NaHCO;-P and

NaOH-P concentrations were higher than in soils grown with staple food, plants
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Table 1. NaHCO;-P (mg/kg), NaOH-P (mg/kg) concentrations in layer A (0 - 5 cm), B (5
- 20 cm), C (20 - 40 cm), and CEC (cmole/kg), pH, Sand%, Silt%, Clay% and texture of
soils in regions near lakes and Nanpan river.

Dianchi lake  Erhai lake Fuxian ell:liz(ingyun Nanpan river Yangzong lake
NaHCO;-P (A) 57.9 bc 532 ¢ 63.2 b 32.3 d 92.2 a
NaHCO;-P (B) 46.2 b 416 b 46 b 36.1 b 83.4 a
NaHCO;-P (C) 282 b 186 ¢ 20.3 [« 23.1 bc 49.1 a
NaOH-P (A) 1904 b 1324 ¢ 2094 a 1311 ¢ 1847 b
NaOH-P (B) 1634 b 1244 ¢ 1968 a 1430  bc 1726 ab
NaOH-P (C) 1332 b 999 ¢ 1541 a 1205 bc 1045 c
CEC 20.7 c 123 e 15.9 d 31.8 a 234 b
pH 6.8 b 6.7 bc 7.2 a 6.4 c 5.6 d
Sand 22.9 c 358 a 29.1 b 15 e 20.3 d
Silt 42.7 b 494 a 42.1 b 39.7 b 359 [«
Clay 34.4 a 148 ¢ 28.8 b 45.3 a 439 a

Texture Clay loam Loam Clay loam Clay Clay

Means followed by same letters are not significantly different based on L.S.D. test across regions near lakes
and the river (P < 95%). Soil texture was categorized based on soil texture calculator (NRCS, USDA).

in recreation parks, and planted trees, particularly in the layer A (0 - 5 cm) of
soil (Figure 2). Levels of NaHCO;,-P significantly increased with larger fertilizer
applications. This suggests that some proportion of soil NaHCO;-P was from
fertilization, which contributed to P buildup. Unfortunately, the producers who
cultivate grape did not reveal their fertilization rates, however particularly high
NaHCO;-P levels in both the layers a (0 - 5 cm) and B (5 - 20 cm) provides a
strong suggestion that these crops also received excessive fertilizer applications.
NaHCO;-P concentrations in the 5 - 20 cm soil layer, are critically important to
plant growth. NaHCO,;-P concentrations in both layer A, the soil surface, and B,
the rooting zone, of soils cultivated with maize and rice in Erhai, Fuxian and
Xingyun lakes also most likely exceed the needs of crops. For instance, in these
regions, we found that NaHCO;-P concentrations (Table 2) were about 41 mg
P/kg for maize (Zea mays) and 26 mg P/kg for rice (Oryza sativa) in crop root-
ing zone (5 - 20 cm). Critical levels of NaHCO;-P for maize were 21.4 mg P/kg
and for rice 10.9 mg P/kg in an investigation of soils of southwest, northeast,
northwest and the central part of China [20].

NaHCO;-P concentrations in surface soils cultivated with flowers are in direct
contact with runoff, and were very high (Figure 2). NaHCO;-P concentrations
where flowers were grown such as Rosa sp., were, on the average, 97 mg P/kg
(Table 2), Dianthus sp.: 86 mg P/kg, Eustoma sp.: 116 mg P/kg. It is noteworthy
that flowers such as Rosa sp. and Dianthus sp. are the most widely cultivated
flowers in Yunnan province
(http://www.ynagri.gov.cn/news8305/20180306/6984101.shtml). Also of concern
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Table 2. NaCO,-P and NaOH-P concentrations in soil layers A (0 - 5 cm), B (5 - 20 cm), C (20 - 40 cm) under different crop types
in regions near Dian lake, Fuxian and Xingyun lakes, Erhai lake, Nanpan river and Yangzong lake.

Crop type NaHCO;-P (mg/kg) NaOH-P (mg/kg)
Layer A Layer B Layer C Layer A Layer B Layer C
Strawberry 142 a 30 defgh 5 fg 1718 bedef 965 ef 616 fgh
Grape 124 a 66 bed 21 abcde 1993 bcde 1564 bed 1255 cdef
Garlic 117 a 108 a 37 ab 1986 bede 1985 bed 1039 defgh
Eustoma 116 a 107 ab 55 a 2868 ab 2702 ab 1793 abcde
Rosa 97 a 68 bed 35 ab 2325 bed 1975 bed 1547 bcde
Snap bean 94 ab 57 bcde 17 bedef 2297 bcde 2259 abcd 1683 bcde
Tomato 88 abc 54 bede 41 ab 2516 abc 2280 abc 2135 abc
Coriander 87 abc 72 abed 28 ab 4148 a 4043 a 3575 a
Dianthus 86 abc 67 bed 24 abced 1955 bede 1782 bed 1294 cde
Pepper 82 abc 25 efgh 10 cdefg 2232 bede 1845 bed 1724 bede
Myosotis 81 abcd 75 abcd 32 ab 1901 bede 1980 bed 1123 cdefgh
Gerbera 74 abcde 30 defgh 9 defg 1309 defg 750 ef 518 gh
Broccoli 72 abcde 49 bedef 22 abede 1549 bedefg 1452 bcde 1076 cdefgh
Cymbidium 64 abcde 36 cdefg 27 abcd 2473 abcd 2105 bed 2081 abcd
Reed 62 abcde 65 bed 48 ab 1566 bcedefg 1173 cdef 838 efgh
Dahlia 58 abcde 83 abc 25 abcd 1186 efgh 1415 bcde 950 efgh
Loquat 57 abcde 44 cdef 39 ab 2400 bed 2171 abcd 2131 abc
Maize 52 bcde 41 cdef 19 bede 1417 cdefg 1291 cde 1112 cdefgh
Taro 52 bcde 59 bed 26 abcd 1293 efg 1340 cde 992 efgh
Sun flower 51 bcde 36 defg 20 bede 1639 bedef 1530 bed 1364 bcde
Pear 43 bcdef 41 cdef 27 abc 870 fgh 762 ef 975 efgh
Tobacco 43 cdef 44 cdef 18 bcde 1293 efg 1257 cde 993 efgh
Gypsophila 43 cdef 43 cdef 35 ab 1393 cdefg 1525 bed 1396 bcde
Marigold 40 cdef 39 cdefg 22 abcde 1485 bedefg 1518 bcde 1222 cdefg
Herbaceous perennials 39 def 35 defg 30 ab 2459 bed 2161 bed 2162 ab
Redsage 31 efg 13 hi 4 g 1133 efgh 1035 cdef 860 efgh
Rice 26 fg 18 gh 10 defg 1020 fgh 987 ef 941 efgh
Crape myrtle 24 fgh 21 fgh 16 bedef 776 gh 1018 def 884 efgh
Lavender 20 fgh 21 fgh 16 bedef 1654 bedef 1486 bcde 1081 cdefgh
Bush 17 gh 15 hi 18 bcde 1312 defg 1333 cde 1215 cdefg
Pine 15 gh 23 efgh 24 abcde 1541 bcedefg 887 ef 816 efgh
Poplar 11 h 7 i 7 efg 568 h 578 f 463 h

Means followed by same letter are not significantly different based on L.S.D test, P < 0.05.

DOI: 10.4236/as5.2019.101001 10 Agricultural Sciences


https://doi.org/10.4236/as.2019.101001

L. Zou et al.

are the vineyards, which are widely distributed in regions around Erhailake.
NaHCO;-P concentrations in surface soils (layer A) cultivated with grapes were
124 mg-P/kg. Understanding the critical level of P for each crop and soil condi-
tion, above which the crop yield does not increase with additional P fertilizer
applications, is important for nutrient management, as this is one way to help
reduce the potential P loss and increase fertilizer use efficiency [21]. Unfortu-
nately, there are few estimates of critical levels of NaHCO,-P for garlic, grape
and several of the flower species above mentioned. Nonetheless, these high levels
of NaHCO;-P in surface (0 - 5 cm) soils should be a cause for concern for fur-
ther pollution of these water bodies.

NaHCO;-P concentrations in surface soils (layer A) cultivated vegetables were
also high, especially with garlic. On the average, NaHCO,-P in surface soils cul-
tivated with garlic was 117 mg P/kg, with snap bean, 94 mg P/kg, with tomato,
88 mg P/kg, and coriander, 87 mg P/kg (Table 2). Garlic, in recent years, has
been a profitable crop for local producers and is cultivated on a large scale in the
province [22]. These high levels of P in the surface soil are likely contributing P
to runoff, except in the case of Fuxian lake mentioned above.

Notably in layer C of soils, soils used for production of flower, vineyard, vege-
table and tobacco contained higher NaOH-P and NaHCO;-P than where other
crops were grown (Figure 2). This suggests that significant P leached or moved
into deep layers of soils and contributed to a buildup of P, which poses long
term nutrient management concerns since high levels could be a source of P
loading to the underground water. In a research comparing greenhouse vegeta-
ble production with 13-year massive input of P with 1-year production, it was
found that total P in soils (0 - 20 cm) under long-term P input increased 4 fold
[23].

It is evident that P leached to deeper soil levels in flowers and vegetable crop-
ping systems. This leaching seems evident because NaHCO,-P values were high-
er (Figure 2) in layer B (5 - 20 cm) of soils used for production of flowers and
vegetables than other crops. It may be that fewer nutrients leached to layer C,
however low NaHCO;-P may have resulted from either less leaching to that layer

or that the nutrients were leached deeper than layer C.

3.4. Strategies to Reduce Excessive Fertilization and High Levels
of Soil P

In general, soils in recreational parks in regions near Dianchi lake contained
much lower NaHCO;-P; however, NaOH-P concentrations were almost as high
as with soils cultivated with flowers. This indicates that build-up of recreational
parks with plants that receive less fertilization would be a possible long-term
remediation to reduce P loading. The easiest recommendation to make, but the
hardest communicate to farmers, is to use less fertilizer, however additional
guidance regarding timing, type and application would also reduce impacts on
lake water quality. Guidance on what amounts, type, when, and where fertilizers

are applied are important suggestions that can help inform producers on how to
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reduce potential to pollute and reduce cost of fertilizer while maintaining crop
productivity and quality [24]. This research suggests that prioritizing flower,
vegetable and grape production systems might be the most effective in reducing
overall P concentrations in the surrounding lakes that originate from agricul-
ture. However, there is currently insufficient information on local optimal ferti-
lizer management strategies of these crops. There is a clear need for on-farm
field experiments with these crops to better guide fertilizer recommendations.

Soil properties that can help inform fertilizer management: Another way to
help producers reduce excess fertilizer use is to create awareness of soil proper-
ties and their relationship to fertilizer uptake by plants. For instance, Figure 3
shows that for Erhailake, there are spatial differences in soil texture and CEC
that can be translated into recommended fertilization management for produc-
ers with additional field experiments. Soils with higher CEC and clay fraction
have higher P retention and water-holding capacity and thus subject less nu-
trient to leaching [25]. In soils in regions to the west of Erhai lake, nutrients are
more likely to be lost through surface runoff and leaching, because soils in these
regions contain low clay and CEC, and the agricultural land is mostly of
low-slope in the west of the Erhai basin [26]. Therefore, for these soils it is rec-
ommended that fertilization be managed to reduce pollution potential. Possible
management options include more frequent fertilizer additions with smaller
amounts to increase nutrient use efficiency, changes in application depth and
timing, and inclusion of retention basins to catch sediments that are entrained in
surface runoff as water exits the farm plot.

In regions surrounding Fuxian and Xingyun lakes, the soil was slightly alka-
line (Table 1). In regions surrounding Dianchi and Erhai lake, near Nanpanriv-
er, however, the soil was slightly acidic. Farther east, to Yangzong lake, the soil
was mildly acidic. Soil CEC was higher in soils near Nanpan river followed by
Yangzong lake, Dianchi lake, Fuxian and Xingyun lakes, and Erhai lake. In re-
gions surrounding Dianchi lake, soils consisted, on the average, 23% sand, 43%
silt, and 34% clay, which is categorized as clay loam (Table 1). In regions sur-
rounding Erhai lake, soils, on the average, consisted of 36% sand, 50% silt, and
15% clay, which is categorized as loam. In regions surrounding Fuxian lake and
Xingyun lakes, soil, on average, consisted of 29% sand, 42% silt, 29% clay, which
is categorized as clay loam. In Southwest of the province, near Yangzong lake,
soils, on average, consisted of 20% sand, 36% silt, and 44% clay. The soil of the
farm near Nanpanriver, on average, consisted of only 15% sand, 40% silt, 45%
clay, which is categorized as clay textured soil.

There is an urgent need to reduce excess fertilization in sandy soils with low
CEC (such as Erhai lake), because the low buffering capacity of these soils can
predispose soil pH to significant decrease under long-term massive use of chem-
ical, especially ammoniacal fertilizers [27]. Low levels of clay and, consequently
high levels of sand, are also important factors reducing P sorption and increas-

ing leachability.
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Figure 3. (a), (b). CEC, Sand%, Silt% and Clay% in soils surrounding Erhai lake. Area highlighted with pink color is arable land.

In contrast, soils surrounding Dianchi, Fuxian and Xingyun lakes might be
more weathered than soils surrounding Erhai lake, because soils in regions
around Dianchi, Fuxian and Xingyun lakes contained significantly higher
NaOH-P (Table 1), which is often associated with more highly weathered soils
with high sorption capacity [28]. Combined with higher buffering capacity be-
cause of higher clay and CEC, in the short term, fertilization management alone
is not sufficient to reduce the high P in surface (0 - 5 cm) soils around Dianchi,
Fuxian and Xingyun lakes to a level below which P is not considered as a driving
factor of loading and eutrophication. Therefore, a portfolio of best management
practices (BMPs) is needed to trap excessive sediment-bound P in regions sur-
rounding these lakes in the near future.

Early research on pH of the water in Fuxian and Xingyun lakes revealed that
pH ranged from 8.5 - 9.1, and that Na*, K*, Ca**, Mg®* make up about 50% of
total cations in water samples. This area contains large amounts of limestone
and dolomite probably accounting for high pH in the water [29]. Soils sur-
rounding Fuxian and Xingyun lakes might be more alkaline because of

long-time irrigation with water of such high pH and basic cation content.

4., Conclusion

In the current study, our data reveal a significant association of annual fertilizer
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application rates (AFAR) with specific crops in regions surrounding four im-
portant lakes, namely, Dianchi, Erhai, Fuxian and Xingyun lakes, in Yunnan
province, China. Fertilizer application rates to flowers, grape, strawberry and
vegetables were much higher than that applied to other crops. Soil properties, an
important factor affecting fertilizer nutrient retention and release, could be used
to determine appropriate fertilizer rates, but apparently such factors were not
considered when producers selected fertilizer application rates. Although tobac-
co producers did not reveal application rates, high NaHCO,-P and NaOH-P le-
vels in all 3 layers (0 - 5 cm, 5 - 20 cm, and 20 - 40 cm) of tobacco soils were sim-
ilar to those where high levels of fertilizers were applied in the production of
flowers, grapes, strawberry, tobacco and vegetables. This association also sug-
gests that current fertilization rates might exceed that necessary for these crops.
Excessive fertilizer application rates appear to be a critical factor contributing to
the buildup of legacy P in soil layers, particularly the surface 0 - 5 cm layer,
which likely contributes to P pollution to water bodies of lakes. Soil texture, pH,
and CEC of soils surrounding these lakes varied significantly, suggesting when
additional fertilizer P is needed, fertilizer application rates should be adjusted
depending on soil properties. The high levels of both readily available P and the
reversibly available P indicate that appropriate BMPs, tailored to reducing runoff
and removing nutrients from runoff, should be established to trap excessive P

before it reaches the lakes.
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