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Abstract

The Office du Niger (ON) in Mali is one of the largest irrigation schemes in West

Africa. In recent years a trend toward increased alkalinization and salinity due to poor

irrigation, drainage, and fertilization practices has plagued the ON. To evaluate soil

degradation in the ON, enzyme activities were measured among four agronomic 

treatments of a field trial established to measure the impact of fertility and irrigation

practices on rice production. The properties used to evaluate soil quality include: pH, 

electrical conductivity, fluorescein diacetate activity and dehydrogenase activity. While

no significant difference was observed among the four agronomic treatments, a

significant difference in soil quality was found between the treated soils and the non- 

impacted soils. On average, the treated soils had a pH of 8.5 and an electrical 

conductivity of 427 mS/m. Increasing pH and electrical conductivity were both 

negatively correlated with microbial enzyme activities.
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Introduction

Soil, water, and air quality are important in the basic function of all ecosystems. 

While air and water quality have been studied extensively, less is known about soil 

quality (Doran et al., 1994). In addition to being a comprehensive way of studying the 

health of an ecosystem, soil quality is especially important for sustainable development. 

All living organisms, and particularly humans who live in underdeveloped regions and 

rely on year-to-year food production, are dependent on productive soils. Still, soil quality 

is difficult to define due to the highly varied expectations placed on soil, and the 

necessity for soil to function on several different levels. For example, soils must provide 

a nutrient base for natural ecosystems in addition to providing nutrients for sustainable 

crops over the long term. One definition of soil quality is “the capacity of soil to produce 

safe and nutritious crops in a sustained manner over the long-term, and to enhance human 

and animal health, without impairing the natural resource base or harming the

environment” (Parr et ah, 1992).

West Africa is one region of the world where humans rely heavily on productive 

soils for their sustenance. Agricultural productivity per capita in sub-Saharan Africa has 

not kept pace with population increases, and the region is now in a worse position 

nutritionally than it was 30 years ago. During this time, food production has achieved 

growth of about 2.5% per year, while population has risen at a rate of over 3% per year 

(FAO 1997). Furthermore, food insecurity has been projected to increase in sub-Saharan 

Africa, with cereal imports forecasted to triple between 1990 and 2020 (IFPRI, 1995).

Soil quality also has important economic implications. Because more than 80% of the
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Malian work force is involved in agriculture, soil quality is of utmost importance to the 

Malian people, the Malian government, and international development programs (CIA 

World Factbook, 2007). Soil quality is also an important problem in sustainable 

development as the people of West Africa could potentially be forced to use their small 

incomes on imported food. With improved practices, it is possible that food requirements 

could be met by locally produced crops. Rice is a crop that provides food for many 

people worldwide. It is an especially important crop in Mali which has one of the largest 

irrigation schemes in West Africa: the Office du Niger (ON). Increased rice production 

in this region is one means by which the people of West Africa could achieve food 

security.

Taking into account the definition given by Parr et al. (1992), soil quality in Mali 

is indeed a problem. While evidence suggests that rice production and yields are 

increasing in the Office du Niger, it is also known that the land, or the natural resource 

base, is being degraded. These increased yields can be attributed to the implementation 

of fertilization, irrigation, and other advanced agricultural practices (Wopereis et al., 

1999). The ON is in the Sahel climatic zone, which receives irregular rainfall of about 

460 mm per year, and is classified as semi-arid. Because of the dry climate, high 

temperatures, and short growing season, practices such as fertilization and irrigation are 

necessary; however, water evaporates quickly in this semi-arid climate, and salts 

accumulate at the surface of the soil. Furthermore, poor fertilization, irrigation, and 

drainage practices lead to soil degradation (Rietz & Haynes, 2003). Because most 

enzyme activity is concentrated in the top few centimeters of soil, salinization of the 

upper layers is critical to microbial activity. Indeed, Doran & Jones (1996) and Marshner
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(1995) report that salinization is one of the most critical problems facing the maintenance 

of soil quality, especially in rice systems. A common byproduct of soil salinization is 

alkalinization, which affects the availability of plant nutrients. Salinity places three major 

constraints on rice growth: nutrient imbalance, ion toxicity, and water deficits because of 

the low water potential of the saline soil. Most plant nutrients are readily available at a 

pH range of 6.0 to 7.5 (Doran and Jones, 1996). An increase in pH of the soil limits the 

availability of nutrients such as iron and zinc (Marshner, 1995). In a majority of alkaline 

soils, nitrogen is a growth-limiting factor for crops (Marshneer, 1995).

More recently, significant emphasis has been placed on biological indicators of 

soil quality (Doran & Jones, 1996). Microbial activity is also a valuable indicator of 

changes in soil quality because changes in soil enzyme activity occur much sooner than 

other soil quality indicators (Doran et ah, 1994). Soil enzymes are known to be of 

microbial origin (although some less common enzymes are known to be of plant origin), 

and while many are effective only intracellularly, others remain catalytic, existing in an 

extracellular state in the soil. These enzymes are an important part of the natural resource 

base because they convert nutrients contained in soil organic compounds or as 

unavailable inorganic compounds to forms that can be used by plants. For example, more 

than 90% of soil nitrogen is organically bound and becomes available to plants only after 

mineralization by microorganisms (Marshner, 1995). Organic sulfur and phosphorous 

must also be mineralized by microorganisms before they are available to plants as 

inorganic compounds. Enzymes, then, are important indicators of the capacity of soil to 

cycle nutrients essential to plant productivity.
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Enzyme activity is measured by the rate at which an enzyme converts a substrate 

into a measurable product. The hydrolysis of fluorescein diacetate is catalyzed by many 

extracellular enzymes present in soil such as lipases, proteases, and esterases. 

Dehydrogenases are enzymes that function mainly on the intracellular level, and their 

activity can be measured using the same technique. By measuring the rate of these 

reactions, one can determine microbial activity and, thus, soil quality.

This study attempted to correlate salinity and pH with soil quality by measuring 

microbial activity in rice systems in the Office du Niger. It was hypothesized that as pH 

and salinity increase, microbial activity, as measured by the rate of fluorescein diacetate 

hydrolysis and the rate of lactate dehydrolysis, decreases.
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Materials and Methods

Sampling Method and Study Site. This study was conducted in a rice field in the 

Office du Niger in Mali, near Niono, Africa. For the sampling in July 2005, nine samples 

were taken from each of 12 treatment plots. This area receives an average of 460 mm of 

rainfall per year, and the average high temperature is 30° C. The experimental design 

contained three blocks each split into four treatment plots. The four different treatments 

are shown in Table 1. Each of the nine samples taken from a treatment plot consisted of 

three random soil cores mixed together in a plastic bag. Samples were also taken from a 

non-treated site to use as a control. These soils were properly drained and will be 

referred to as non-impacted (NI) soils. The soil corer was ten cm deep and two cm in 

diameter. The soil was dried in a 30° C oven and sieved (2 mm). Samples were stored in

a dry, dark place when not in use.
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Table 1. The four agronomic treatments. *The flushed plots were plowed 24 hours after 

flushing. **A11 masses are per hectare.

T reatment Plowing Flushing* Nitrogen** Phosphorous Potassium Manure
1 < 10cm None 120 kg 46 kg none none
2 15cm 10-15cm 120kg 46kg 60kg 5 tons
3 15cm 10-15cm 120kg 46kg 60kg none
4 15cm none 120kg 46kg 60kg 5 tons
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Fluorescein Diacetate Hydrolysis Assay. The activity of soil fluorescein diacetate was 

measured by rate of FDA hydrolysis as per Schnurer and Rosswall (1982) with 

modifications. One gram of soil was used instead of 0.5 grams. Only 10 ml of phosphate

buffer and acetone were used. The soils were incubated on a shaker for four hours and

centrifuged for 10 minutes. The rate of FDA hydrolysis was determined from 

absorbencies taken at 525 nm in a spectrophotometer. A mixture of reagents excluding

soil was used as a blank.

Iodonitrotetrazolium Assay. The activity of soil dehydrogenase was measured using a 

technique similar to that of Griffiths (1989), with the following modifications. The 

samples were incubated for one week with one ml of DI water and one gram of soil. After 

the reagents were added, the samples were incubated in the dark for 24 hours. Also, the 

samples were centrifuged for 10 minutes and the activity of dehydrogenase was 

determined from absorbencies read at 460 nm in a spectrophotometer. A mixture of

reagents without soil was used as a blank.

pH. Soil pH was measured by mixing 10 grams of soil with 10 ml of distilled water. The 

samples were incubated on a shaker for 2 hours and pH was determined with a Fisher

Scientific AB 15 pH meter.

Electrical Conductivity. The electrical conductivity of the samples was measured using 

the technique outlined by Rhoades et al. (1989). After the pH was measured, five 

additional ml of deionized water were added to each sample and these were incubated on

a shaker for two hours and read with a standard EC meter.

Data Analysis. All data were subjected to analysis of variance using the Microsoft Excel 

ANOVA statistics program.
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Results

Treatment Effects on Soil Properties: Contrary to what was hypothesized, analysis of 

variance determined there was no relationship between the agronomic treatments, and the 

measures of soil quality used in this study. Soil pH, electrical conductivity, fluorescein 

diacetate hydrolysis, and dehydrogenase activity were not influenced by agronomic 

treatments employed at the poorly drained, salt affected site. Study soils from the 

properly drained and non-salt affected site, had significantly lower pH and electrical 

conductivity values than soils from the impacted site (Figures 1 and 2, p < 0.011 and 

p < 0.001, respectively). Soil pH values were rather high with average pH values for the 

four treatments ranging from 7.8 to 9.1. The pH of the NI soils was 5.3, while the average 

pH of the treated soils was 8.5. This translates to 1000 fold difference in the

concentration of H+ ions.

Also, the electrical conductivity was significantly lower in the non-impacted soils. 

Electrical conductivity values for the treated soils ranged from 285 mS/s to 623 mS/m. 

The average electrical conductivity for the non impacted soils was less than lOOmS/m 

while the average for the treated soils was 427mS/m.
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FIGURE 2. The effect of four agronomic treatment and drainage on soil electrical 

conductivity.
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y = -0.0004X + 0.5386 
R2 = 0.4246

FIGURE 3. Linear regression of the effect of salinity on the rate of hydrolysis of 
fluorescein diacetate. Regression equation and line of best fit are shown.

y =-0.1195x + 1.3661

pH

FIGURE 4. Linear regression of the effect of pH on the rate of hydrolysis of fluorescein 
diacetate. Regression equation and line of best fit are shown.
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Fluorescein diacetate hydrolysis: The rate of fluorescein diacetate hydrolysis (FDA) 

was negatively correlated with salinity, measured by electrical conductivity. A 50% 

decrease in activity was measured as EC increased (Fig. 3). The effects of pH were also 

negatively correlated with the rate of FDA hydrolysis (Figure 4).

Dehydrogenase: A negative correlation associated with the effect of salinity on the 

dehydrogenase activity was observed (Fig. 5), although this correlation was weaker than 

that of the FDA assay (Fig. 4). Activity appeared to be highest where the electrical 

conductivity was less than 400 mS/m. Increasing pH was also negatively correlated with 

dehydrogenase activity (Fig. 6). Although, as with the fluorescein diacetate hydrolysis 

rate, the correlation was not as strong.
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y = -1E-05X + 0.0185 
R2 = 0.3679

FIGURE 5. Linear regression of the effect of salinity on the rate of dehydrogenase 
activity. Regression equation and line of best fit are shown.

y=-0.0031 x+0.0392

FIGURE 6. Linear regression of effect of pH on the rate of dehydrogenase activity. 
Regression equation and line of best fit are shown.
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Discussion

In the present study, dehydrogenase activity, fluorescein diacetate hydrolysis, pH, 

and electrical conductivity were evaluated to examine the effects of the byproducts of 

fertilization and poor irrigation and drainage practices on soil quality in the ON. I 

hypothesized that an increase in salinity and pH would negatively affect soil quality as 

measured by the rate of enzyme activities. I also hypothesized that pH, electrical 

conductivity, and enzyme activities would be affected by the four agronomic treatments.

In West Africa and the Office du Niger in Mali in particular, environmental 

conditions necessitate irrigation and fertilization practices. In the ON the quality of 

irrigation water is sufficient; however, excessive evaporation and poor drainage have lead 

to the accumulation of salts. One consequence of these poor practices is an increase in pH 

due to irrigation water management and the continued application of fertilizer. Studies 

by Doran and Jones (1996) support the idea that increased pH can result from poor 

management practices.

In the present study, pH values in ON soils ranged from 7.2-10.5 (Figs. 4 and 6). 

This is consistent with findings of the last 50 to 60 years and supports the general trend of

alkalinization. In 1951 ON soils were neutral or acidic with a low sodium concentration

and low structural stability due to low calcium content at the exchange sites (N’Diaye, 

1998). In addition to the increased pH in ON soils at the study site, the present study 

found that dehydrogenase and FDA activities were negatively correlated with increasing 

pH (Fig. 4 and Fig. 6). In 1994 two independent studies observed that the soils within the 

ON had changed towards increased alkalinization and salinization and concluded that
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their rapid evolution endangered the durability and sustainability of irrigation systems in 

Mali (Bertrand et ah, 1994). The implications of this trend are that poor practices have 

detrimental effects on soil quality; if continued these practices will cause even greater 

damage to the productivity of ON soils.

According to Doran and Jones (1996) and Marshner (1995), formation of salt- 

affected soils is considered the main factor leading to soil degradation. Soils are 

considered saline when they have an electrical conductivity of 400 mS/m (Rietz and 

Haynes, 2003). In the present study, FDA hydrolysis rate and the activity of 

dehydrogenase decreased with increasing electrical conductivity (Figs. 3 and 5). In 

general, it is difficult to obtain R2 values commonly accepted in other areas of science 

when studying soil quality due to the high spatial variability of soil. These findings, 

while the correlations are not as strong, are consistent with findings reported by Rietz and 

Haynes (2003), whose study also reported a negative correlation of electrical conductivity 

and microbial activity with R2 values ranging from 0.48 to 0.92. The increase in salinity 

in ON soils can be explained by excessive water application and poor drainage. This has 

lead to excessive evaporation, which causes cations and anions dissolved in the irrigation 

water to accumulate at the soil surface as salt. The resulting decrease in soil enzyme 

activity is most likely due to osmotic stress caused by this accumulation. Salt 

accumulation also limits microbial growth and activity, and microorganisms risk 

dehydration (Galinski, 1995). This decrease in microbial activity will detrimentally 

affect the mineralization of nitrogen, sulfur, and phosphorous to forms usable by plants. 

Additionally, Zahran (1997) observed that high salt concentrations reduced the solubility 

of and may have caused denaturation of enzymatic proteins.
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Spatial variability is an important variable to consider when studying soils. Soil 

habitat for microbial organisms varies greatly across and within a landscape (Doran et. al, 

1994). Indeed, Doran et al. (1994) point out that even the slope of the sample area can 

affect microbial activity. Ecosystem function is highly dependent on microbial health 

and therefore on spatial factors. In this study it was difficult to obtain consistent data, as 

random sampling did not allow testing of the most level parts of the sample area. Thus 

the amount of standing water, evaporation and drainage varied widely within a treatment 

plot. These facts may explain why no variation was seen among the agronomic

treatments.

Contrary to my hypothesis, no significant differences were seen among the four 

agronomic treatments. It is evident that soil flushing, the application of manure and 

fertilizer had no effect on microbial activity, pH, or electrical conductivity. However, it 

was also evident that the physical condition of soils from non-impacted sites was superior 

to those of soils from the impacted site suggesting that the development of proper 

drainage systems may be the essential component to sustainable rice production in the 

ON. Since microbial indicators are one of the first indicators of soil degradation, the fact

that no variation in microbial activity was measured between agronomic treatments was 

surprising. However, this could be due to several factors. First, it may still be too early 

to detect these changes. Also, it is possible that the different fertilization and flushing 

treatments really are not that disparate; and therefore there is no difference in the soil 

quality of each of these treatments. Also, it is possible that the soil microbes have 

evolved tolerance to these conditions. However it is more likely that if agronomic 

changes are not employed, the trend toward alkalinization and salinization will continue
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causing detrimental effects on yields and soil quality. Additional soil quality studies 

using microbial processes as indicators would be helpful in supporting or rejecting the 

hypothesis that different treatments have different effects on soil quality.

In summary, I accept my hypothesis that increased pH and salinity, measured by 

dehydrogenase and fluorescein diacetate hydrolysis activities, have a negative effect on 

soil quality. I reject my hypothesis that there was a measurable difference among the 

four treatments administered. The final and most detrimental consequence of this 

increased salinity and pH is the reduced rate of both soil organic matter decomposition 

and mineralization of carbon and nitrogen eventually leading to less productive soils.
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