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Executive Summary , ENVR 451   Smithsonian Tropical Research Institute  
Emma Aronson        Tupper, Balboa, Ancon, Republic of Panama
A Phytometric Assessment of the Effects of the Soil Quality and Drainage of the 

Sardinilla Biodiversity Project 
The large experiment in Sardinilla examines the relationship between tree 

diversity and ecosystem functioning. The ecosystem function most significant to the 
study is carbon cycling and sequestration of the tropical forest. This aspect of tropical 
forest has also become a center of attention in politics due to the provision of the Kyoto 
Protocol for carbon credit trading between industrialized, polluting countries and 
developing countries interested in reforestation and agroforestry, such as Panama. The 
other significant aspect of this study is that it is of the “second generation” of biodiversity 
experiments. The first generation studies were all small-scale, short-term studies 
involving annual, herbaceous plants, which led to inconclusive evidence of the 
importance of biodiversity for ecosystem functioning. The Sardinilla project is large-
scale and long-term, involving 24 plots of 2025m2 each.  

The enormity of the Sardinilla plantation leads to high topographical and soil type 
variation, which is confounding the results of the effects of biodiversity alone. A 
“phytometer” experiment is a holistic approach to understanding soil fertility; it uses key 
species grown under controlled conditions in different soils to test the effects of specific 
variables on plant growth. A target species is planted in various soils and/or under 
different soil conditions. For this experiment, Zea mays, a common phytometer for the 
tropics, and Hura crepitans, a robust tree of the Sardinilla plantation, are used as test 
species. These species are planted in soil taken from 4 spots, chosen for variability in 
soil characteristics, from each of the 24 diversity plots. Further, 2 drainage regimens are 
also used to imitate the rainy season conditions: dryer on higher ground due to better 
drainage, and wetter in the valleys due to water-logging with poor drainage. Growth is 
then evaluated, in terms of total final biomass and basal diameter at intervals, and other 
measures; the variables of relative growth rate, leaf area ratio, and net assimilation rate 
are then calculated. Finally, analyses of variance, ANOVA, correlation and Canonical 
coefficient analysis, CCA, are performed to determine what aspects of growth 
conditions positively or negatively affected growth, and how these effects may also be 
resultant from the interaction of 2 or more aspects. 

It was found by the ANOVAs that plots and nested subplots account for most of 
the variation exhibited by both species in all variables tested. Thus soil type and quality 
are significantly affecting growth. The remaining variation for Z. mays is due to 
treatment, with the dry treatment having a more positive influence on growth than the 
wet. Therefore, the saturated conditions of the lower areas during the rainy season are 
having a deleterious affect on growth in the plots located there. The correlation analyses 
show that both phytometers are somewhat positively correlated to each other, and that 
these are both also correlated to tree growth in these plots from 2004. The CCA 
analyses show that much of the variation in phytometer, and other species variables, by 
subplot is explained by environmental factors, especially relative elevation, position, and 
drainage, as assessed in 2001 before the planting of the plantation. This indicates that it 
is both the conditions of growth, related to topography, and the long-term effects on the 
soil of these conditions that are influencing soil quality now. Thus, there is variation 
between soils that only a holistic measure, such as a phytometer, would catch. 
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Emma Aronson        Resumen Ejecutivo 
Una Evaluación de Phytometer de los Efectos de la Calidad del Suelo y del 

Régimen de Drenaje en el Proyecto Sardinilla de Biodiversidad 
El grande experimento en Sardinilla examina la relación entre la biodiversidad de 

árboles y las funciones del ecosistema. El funcion del ecosistema lo mas significativo al 
estudio es la secuestracion de carbón del bosque tropical. Este aspecto del bosque 
tropical ha llegado a ser también un centro de la atención en la política debido a la 
provisión del Protocolo de Kyoto para cambiar los créditos de carbón entre los países 
industrializados y los países reveladores interesados en la repoblación forestal, como 
Panamá. El otro aspecto resaltante de este estudio es que es del “segunda generación” 
de experimentos de biodiversidad. La primera generación era toda pequeño-escala, y 
utilazadan plantas anuales y herbáceas, que llevó a la evidencia no decisiva de la 
importancia de la biodiversidad para funcionar de ecosistema.  

La enormidad de la plantación de Sardinilla lleva a topographical alto y variación 
de tipo tierra, que confunde los datos de los efectos de la biodiversidad sólo. Las 
evaluaciones de phytometer se presume que las propiedades del suelo son más que la 
suma de sus componentes. El crecimiento de una especie de planta reflexiona la 
cualidad del suelo y las condiciones del crecimiento Para este experimento, Zea mays, 
un phytometer común para los trópicos, y Hura crepitans, un árbol robusto de la 
plantación de Sardinilla, se utiliza como especie de prueba. Estas especie se planta en 
la tierra tomada de 4 lugares, escogido para la variabilidad en características de tierra, 
de cada uno de los 24 parcelas de la diversidad. Aún más, 2 régimenes de drenaje se 
utilizan también para imitar la estación de las lluvias condiciona: el secador en el suelo 
más alto debido a mejor drenaje, y más mojado en los valles debidos anegar con 
drenaje pobre. El crecimiento entonces se evalúa, para la pesa final y el diámetro basal 
y de otras medidas; los variables son la tasa de crecimiento relativa, proporción del 
área de hoja y tasa neta de asimilación. Finalmente, ANOVAs, correlaciónes, y CCAs 
son realizados para determinar cuales condiciones de crecimiento son mejor, y cómo 
estos efectos pueden ser también resultantes de la interacción de 2 o más aspectos. 

Fue encontrado por los ANOVAs que los parcelas y los subparcelas justifican la 
mayor parte de la variación exhibida por ambas especie en todas variables probadas. 
Así, el tipo de tierra y la calidad afectan el crecimiento. La variación restante para Z. 
mays está debido al tratamiento, con el tratamiento seco que tiene una influencia más 
positiva en el crecimiento que el mojado. Por lo tanto, las condiciones saturadas de las 
áreas más bajas durante la estación de las lluvias tienen un afecto deletéreo en el 
crecimiento en los complots localizados allí. La correlación analiza la exposición que 
ambos phytometers algo son puestos en correlacción positivamente uno al otro, y que 
éstos son ambos también puesto en correlacción al crecimiento del árbol en estos 
complots de 2004. El CCA analiza la exposición ese tanto de la variación en el 
phytometer, y en otras variables de la especie, por el argumento secundario son 
explicadas por factores ambientales, por la elevación especialmente relativa, por la 
posición, y por el desagüe, como valorado en 2001 antes del plantar de la plantación. 
Esto indica que es ambas las condiciones del crecimiento, relacionado a la topografía, 
y a los efectos a largo plazo en la tierra de estas condiciones que influyen la calidad de 
tierra ahora. Así, hay la variación entre tierras que sólo una medida holística, tal como 
un phytometer, agarraría. 
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Introduction:  
The Sardinilla Project: 

The large experiment in Sardinilla examines the relationship between tree diversity and 

ecosystem functioning. The ecosystem function most significant to the study is carbon 

cycling and sequestration of the tropical forest. This topic has been a focus of world 

attention in recent years as scientists (Mahli & Grace 2000) have recognize the carbon 

sequestration potential of the tropics. This aspect of tropical forest has also become a 

center of attention in politics due to the provision of the Kyoto Protocol for carbon credit 

trading between industrialized, polluting countries and developing countries interested in 

reforestation and agroforestry, such as Panama (Shultze et al. 2000). Studies such as 

this large-scale tree study help to quantify the contribution of tropical trees to the carbon 

cycle, making fair trading of carbon credits a more viable possibility for the future. 

 

The other significant aspect of this study is that it is of the “second generation” of 

biodiversity experiments. The first generation studies were all small-scale studies 

involving annual, herbaceous plants. These studies led to inconclusive evidence of the 

importance of biodiversity for ecosystem functioning (Hector et al. 1999). Some of the 

data presented suggests that mid-level diversity is optimum of most ecosystem 

functions, but the controversy continues in this area of research (Loreau et al. 2001). 

The Sardinilla project is large-scale, involving 24 plots of 2025m2 each, and based on 

tree diversity, comparing monoculture with various mixtures of 3 species and complete 

mixtures of all 6 species included in the study. It is also long-term, as the oldest trees 

are 3 growing seasons old (some plots were added 1 year later), and the trees are only 

now becoming large enough to generate significant results. Within the next few years, 

data concerning soil respiration, overall respiration based on tower results, soil fauna, 

and differential tree growth will become available.  

 

A large problem that has been encountered in this study is due to its large size, as well 

as the high level of topographical variation inherent in a landscape level experiment 

such as this. There has been a significant confounding of the growth data in how it 

relates to the biodiversity plots (Appendix 1 map exhibits this variation in growth and 



death of trees). It has become necessary to minimize the unknown in relation to the 

confounding variables due to topographical and soil characteristic differences between 

plots. These include soil type and properties, drainage differences due mainly to 

elevation, light levels, and water storage. Theoretically, until the trees became large 

enough to block the sun of the others, the light level would have been generally the 

same over the entire site. Thus current light level differences should be mostly 

correlated with the other trees in the plot, and therefore a product of density and 

diversity. The water received should also be relatively similar across the site overall, 

except for the confounding effects of soil drainage due to topography and the rooting 

patterns of the other trees. Therefore the main variables still to be tested are the direct 

effects of soil and the indirect effects of topography on the drainage of the soil. 

 

Phytometer Experiments: 

A “phytometer” experiment uses key species grown under controlled conditions in 

different soils to test the effects of specific variables on plant growth (Wheeler et al. 

1992). The idea is to take a more holistic approach to soils analysis and recognize that 

there is more to the “fertility” of soil than the sum of its components. A phytometer 

experiment consists of a target species that is planted in various soils, or with various 

nutrients added to the same soil, and/or under various soil conditions. Growth is then 

evaluated, usually in terms of total final biomass, though basal diameter and other 

measures can be used, depending on the expected range of effects. Thus, based on 

the growth of a test species, information is obtained of what aspects of growth 

conditions positively or negatively affected growth, and how these effects may also be 

resultant from the interaction of 2 or more aspects. Therefore, I will use the experiment 

to understand how soil type, drainage (and therefore the topographical position that the 

drainage is meant to imitate), and the interaction between soil and drainage all play a 

role in influencing the growth of the Sardinilla trees. 

 

This technique has mainly been used in the Temperate Zone in North America and 

Europe. The species chosen for such experiments are usually locally abundant, fast 

growing, annual grasses, such as Phalaris arundinacea in northern wetland habitat 
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(Spink et al. 1998; Wheeler et al. 1992; Maurer & Zedler 2002). Zea mays can be used 

as a comparable species for the Tropical Zone (Proctor et al. 1999). This species, in the 

local variety, will be used as a phytometer as it is abundant, fast growing and highly 

demanding on soil. Further, it is useful that this species has been used in other such 

experiments, as the results we will gain will be comparable with other studies of Z. mays 

phytometric performance, such as Proctor et al. (1999).  

 

Phytometric analyses have also recently been used to assess the specific 

characteristics of a species of interest and the soil type and growth conditions that 

produce favorable growth (Maurer & Zedler 2002). Therefore, Hura crepitans will also 

be used as a phytometer in this experiment. H. crepitans, common name Sabo, is one 

of the 6 tree species used in the Sardinilla project. It is a fast growing, easy to germinate 

species that tends to grow well on the site. As a tree, it is quite different from other 

phytometers. It will likely take longer for Hura to grow to a height where differences in 

growth are significant; however there is no way to know before the experiment just how 

long it will take. Its seeds are larger, due to its nature as a tree, a long-lived, perennial 

plant, than are those of Zea mays, an annual grass. The larger seed means that it will 

take longer for the effects of the effects of soil and conditions to show in the growth of 

the plant, as it already had many of its initial resources within the seed itself. If the 

results for H. crepitans, insofar as trends of growth in the soil from different plots, are 

quite different from those for Z. mays, perhaps the overall usefulness of phytometers, 

usually annual grasses, as general soil fertility indicators will be called into question. 

This would also be interesting in relation to the differences between the previous, 

annual plant biodiversity studies, and the current tree study in Sardinilla. Further, this 

tree is currently bearing seed on the Sardinilla plantation, thus facilitating the use of this 

tree species. 

 

The other variable being tested in this study, besides the soil variation between plots, is 

the effect of drainage on growth. This methodology is based on similar phytometers for 

drainage effects in peat soils in Duren & Andel (1997). For that reason, half of the pots 

are being sealed and therefore kept waterlogged after daily watering, while the other 
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half are allowed to drain from holes located in the bottom of each pot. This is related to 

the topography of the Sardinilla plantation, in that the upland sites are better drained 

during the heavy rains of the rainy season, while the sights down-slope are often 

waterlogged. This is another potential source of confounding error. 

 

Characteristics and Parameters for this Study: 

Environmental characteristics are used for correlation analyses of the results of this 

study. The environmental data used from previous experiments on the plantation 

include the per subplot slope, drainage, direction, position, etc., along with the plant 

data, such as grass density and height and total herbaceous biomass. These were 

collected in 2001 before the initial planting of the plantation. The environmental data 

that I am collecting include soil color rating, using the Munsell Soil Chart (as per Dalle et 

al. 2002), and whether the soil appeared cracked or wet. The 2004 tree biomass 

averages per plot, collected by other scientists on site, are also used for comparison.  

 

The variables used for statistical analyses on the results are those commonly used for 

studies involving plant growth and productivity of this sort. The one presented in this 

paper is the RGR or Relative Growth Rate. This is expressed as RGR=d(lnW)/dt, is the 

rate of biomass accumulation over time, and essentially signifies how fast the plant 

grows. The biomass accumulated is expressed in the general formula, but in this study 

basal diameter data will be used as well. The other variables that I hope to apply once I 

have enough data are LAR, Leaf Area Ratio, and NAR, Net Assimilation Rate. 

LAR=A(leaves)/W, and reflects the size of the photosynthetic surface relative to total 

respiratory mass. NAR=dW/dt*1/A, and is a measure of the efficiency of assimilatory 

organs in producing growth, thus reflecting resource availability. 
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Problem and Justification: 
Why are we observing this variation in the growth data of the trees in the Sardinilla 

project?  

Biodiversity or other variables?  

The objective of and justification for my research is to determine what variables are 

acting to confound the Sardinilla project results, as previously discussed. Once 

identified, these sources of variation can be factored into the larger data set of the 

Sardinilla plots to better understand what effect biodiversity alone is having on growth. 

Where the variation correlates with environmental characteristics and tree growth on the 

plantation, we can better understand the site in particular. This is, after all, the main 

purpose of the Sardinilla Biodiversity Plantation: to understand the effect of biodiversity 

on tree growth, carbon sequestration, and other aspects such as soil respiration, that tie 

into growth and carbon intake. At the same time, we can better understand in general 

how characteristics such as slope and drainage affect the soil over time, as well as how 

useful phytometer experiments are for such experiments. 
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Hypotheses:
My null hypotheses (Ho), to be tested using Multi-factorial Analyses of Variance, are 

that there will be no variation in growth between the a) plots b) subplots nested within 

each plot c) drainage treatments and d) plant type. Therefore, the alternate hypotheses 

(HA) to be tested are that there will be a significant difference between each of the 

variables from a) to d). I expect that there will be variation between plots and between 

drainage treatments, but not between subplots within plots or between plant types. I 

also expect that the interactions between the different variables will be negligible.  

 

Once the sources of variation are identified, correlation analyses with tree growth data 

and Canonical coefficient analyses (CCA) with pre-planting environmental and plant 

data will be run. This will attempt to answer the question of why some soils are better 

than others, and why a particular drainage treatment is better for growth. The null 

hypotheses to be tested by the correlation are that the 2 phytometers are not positively 

correlated to each other, nor to the tree data. The HA is therefore that there is a 

correlation between these variables. The CCA Ho is that none of the variation between 

how the species variables place the subplots is explained by environmental variables. 

Thus the HA is that some or all of the environmental variables explain some of the 

variation in the species variables. 
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Methodology: 
Soil Collection: 

We used a stratified random sampling method. This employed maps of different aspects 

of the natural soil variation compiled prior to the original planting of the plantation, in 

1998. These were compared and variables with sharpest contrast and most variation to 

achieve maximum soil character variation in each plot. Those used were %N, %C, N 

mass, C mass, dry bulk density, and pH (see Appendix 2 for maps used). The sites 

chosen were random within the contrasting areas. Samples were taken in the center of 4 

trees, whose numbers and species were then made note of for future reference, so that 

the exact same spot may easily be resampled if and when necessary.   

 

The ground was then cleared with a machete to the soil, and a shovel was used to 

disrupt and break up the soil. Samples were taken from the top 15cm of the soil surface. 

These clayey tropical soils are generally not stratified, except in those instances when 

extremely dry soils have developed a hard upper crust. The soil was then thoroughly 

broken up into pieces that average 1cm3, and mixed. In total, 9 pots worth of soil was put 

into large, plastic garbage bags, which were often doubled with other paper or plastic 

bags to prevent rupture and drying (desiccation). 

 

Planting: 

Half of the total 800 pots used were sealed with duct tape to prevent or slow drainage, 

mimicking the conditions in lower portions of the field. Thus the 2 drainage regimes, dry 

and wet, were differentiated. The soil was put into pots of 15cm diameter and 20cm 

depth, and filled to within 2cm of the top. Seeds were inserted .5-1cm from the soil 

surface, with the larger seeds of Hura crepitans being placed lower in the soil than Zea 

mays. The pots were then thoroughly spatially randomized and placed in a shaded spot 

on site. This process was repeated twice, creating 2 blocks (or samples), with each block 

placed in a different spot at least partially shaded by the live fence on site.  

 

The planting breakdown is:  

2 Blocks by 2 Species by 2 Drainage treatments by 24 plots by 4 subplots = 768 pots  
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Measurements and Harvest: continuing 

The study pots were watered daily at dusk with about 20mL each. Each of the pots of Z. 

mays and H. crepitans was thinned to one growing plant within the 1st 2 weeks, based 

on keeping the larger. Measurements were taken of basal diameter at 4 weeks and 

every 3 thereafter: at 7 for Z. mays and at 7 and 10 for H. crepitans. At time of 

measurement, any roots of Z. mays that had strayed out of the pot were cut so as to 

reduce risk of contamination of results. Any weeds were also removed from within and 

between pots at this time. After 7 weeks of growth for Z. mays and 12 for H. crepitans, 

the plants are being harvested, once they reach a height where differences are 

significant. At time of harvest, leaf transparencies are cut to assess leaf area. These will 

be assessed via an LA meter located on BCI. Also at harvest, above ground biomass 

was collected for Z. mays, and separated into the leaf to be cut out, the other leaves, 

and the stalk. Above and below ground biomass will be collected for H. crepitans. All 

samples are dried in a drying oven and the dry biomass taken. 
 

Data Analysis: continuing 

The results collected thus far have been, and the others will continue to be, analyzed 

using various statistical techniques. The statistical variable to be presented and 

discussed in this paper is the RGR, or relative growth rate. This has been calculated for 

all plants as the average of the change in basal diameter up to 4 weeks (i.e. from 0 to 

the 4 week basal diameter) and that between 4 and 7 weeks. This parameter, RGR, has 

also been calculated, as a preliminary measure, for only the block 1, Z. mays in terms of 

biomass accumulation in the final, 7-week, dry mass of a leaf of each plant. In the 

future, all of the biomass and leaf area data will be used to run these analyses on 

further RGRs, as well as the LAR and NAR parameters. To understand the importance 

of the affect of soil and drainage, the RGR data were analyzed by two-way nested 

ANOVAs, independently for each phytometer species.  The effects of interest were 

plots, sub-plots nested within plots, and water treatment. Correlation analyses using 

Pearson correlation coefficient were calculated to understand the strength of the intra-

specific correlation between the RGRs of the 2 phytometer species by plot, as well as 

the inter-specific correlation of the phytometer RGRs with 2004 Sardinilla tree growth 
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data. Pearson correlations have also been run on the phytometer data on a subplot 

basis. Both types of correlations have been run with and without extreme values and 

compared. Data were analyzed using ANOVA and correlation features of the SYSTAT 

10 and 10.2 packages.  

 

CCA, which is canonical correspondence analysis, was performed to identify the 

environmental variables explaining the variation in phytometer growth rate between 

subplots and therefore between soil qualities. The forward selection option of CANOCO, 

version 4.0 was used, with 999 permutations, in three different data combinations (as 

per Elias & Potvin, 2003). The data were analyzed by subplot, and the environmental 

variables used were 2001 pre-planting drainage, position, relative elevation (to the 

canopy tower at the highest spot in the center of the plantation), slope, and soil color. In 

the first CCA (Appendix 4a), the 2 phytometer species RGRs, along with the 2001 total 

herbaceous biomass and grass height per subplot were plotted  as species variables in 

relation to the aforementioned environmental variables, as well as grass density. In the 

second CCA (Appendix 4b), the species variables are the 2 phytometer species RGRs 

along with the 2004 %tree death, total tree biomass and average tree height. These 

were plotted with the same environmental variables, without the addition of grass 

density. In the third and final CCA (Appendix 4c), the phytometer species RGRs alone 

were plotted without the grass density parameter. 

 

Limitations: 

The first problem that emerged in my research, during the initial soil collection phase, 

was the language barrier. At that point, my Spanish for commonplace conversations 

was fine. However, my more advanced Spanish, insofar as scientific or agricultural 

jargon, or even that associated with directing others, was lacking. Thus the discussion 

of problems encountered in the field, with those I worked with was difficult and 

decreased the efficiency of time spent in the field. Later on, the rather adventurous roots 

of the Z. mays plants became a nuisance as they reached outside of every pot of this 

species. I approached equalized the problem by periodically cutting the outside roots of 

every pot. Further, the enormity of my project gave me stress, but also wonderful data. 
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Results: 
The general mean RGR for H. crepitans is 0.203 with a standard deviation of 0.076, and 

a range from 0.149 to 0.241. The total average RGR of Z. mays is 0.206 with a standard 

deviation of 0.041, and a range of 0.181 to 0.225. The RGR for preliminary Z. mays leaf 

biomass accumulation average is 0.780 with a standard deviation of 0.071, and a range 

of 0.75 to 0.86. The leaf biomass of sample 1 of this species has a mean of 266.8mg 

and a standard deviation of 145.6mg, and a range of 205.0 to 416.7mg. The average 

and standard deviation per plot, as well as per treatment and sample, for RGR of basal 

diameter of Z. mays and H. crepitans, and the biomass and RGR of the Z. mays leaves 

are given in Appendix 3, Table 1. 
Table 1: Significant Factors by Cases 
Cases (all RGRs from 
basal diameter, unless 
specified) 

P 
Plots  

N 
Nested 
subplots 

T 
Treatment 

S Species  M Sample  Interactions

All 0.000 0.000 NS NS 0.001 1>2 0.000 M*S 
0.019 P*S 
0.006 N*S 

Wet NS NS NS NS NS NS Treatment  
Dry 0.017 0.018 NS 0.020 M>H NS NS 
H. crepitans 0.001 0.000 NS NS NS NS Species 
Z. mays NS 0.000 0.001 D>W NS 0.000 1>2 NS 

By Sample 
All  0.019 0.000 NS 0.000 M>H NS 0.006 T*S 

0.000 N*S 
H. crepitans 0.023 0.000 NS NS NS NS 

Basal NS 0.043 0.000 D>W NS NS NS Z. 
mays Mass NS 0.02 0.000 D>W NS NS NS 
Wet  NS NS NS NS NS NS 

Sample 1  

Dry NS NS NS 0.004 M>H NS NS 
All  0.007 NS NS NS NS NS 
H. crepitans 0.016 NS NS NS NS NS 
Z. mays 0.002 0.038 NS NS NS NS 
Wet  NS NS NS 0.008 H>M NS NS 

Sample 2 
 

Dry  0.037 NS NS NS NS NS 
*NS = not significant 
 
Analysis of Variance: 

Multi-factorial ANOVAs, analyses of variance, were run in many combinations of cases 

selected and factors crossed, these are all included in Table 1. Plots and/or nested 

subplots within plots are significant in most of the data (H. crepitans basal RGR plots 

and nested subplots; and nested subplots for Z. mays basal RGR, as well as Z. mays 

biomass, and biomass RGR; see Table 2 for specific values). These effects indicate soil 
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type; therefore soil type has strong significant influence on growth in this experiment. 

This accounts for all of the variation for H. crepitans. The other sources of variation for 

Z. mays, in both RGRs and the biomass are the effects of treatment and sample. The 

dry treatment for Z. mays is significantly better for growth than the wet (basal RGR, 

biomass, and biomass RGR; Table 2). Thus the drainage treatment significantly 

affected the growth of Z. mays, but not that of H. crepitans. The only variable for Z. 

mays that includes both samples is the basal diameter RGR; this shows significance for 

the first sample being better for growth rate than the second (Table 2b).  
 
Table 2: The results of the ANOVAs of interest 
a) Hura crepitans basal diameter RGR ANOVA 

 
 
 
 
 
 
 

Source Sum-of Squares df Mean-Square F-ratio P
PLOT$ 0.244 23 0.011 2.325 0.001

SAMPLE$ 0.001 1 0.001 0.316 0.574
TREATMENT$ 0.012 1 0.012 2.545 0.112

SUBPLOT$(PLOT$) 0.604 72 0.008 1.840 0.000
Error 1.231 270 0.005  

b) Zea mays basal diameter RGR ANOVA 
 
 
 
 
 
 
 
 
 

Source Sum-of-Squares df Mean-Square F-ratio P
PLOT$ 0.040 23 0.002 1.495 0.075

SAMPLE$ 0.073 1 0.073 63.399 0.000
TREATMENT$ 0.013 1 0.013 10.923 0.001

SUBPLOT$(PLOT$) 0.159 72 0.002 1.912 0.000
SAMPLE$*SUBPLOT

$(PLOT$) 0.082 72 0.001 0.991 0.507

Error 0.224 194 0.001  

c) Zea mays leaf biomass ANOVA 

Source Sum-of-Squares df Mean-Square F-ratio P
PLOT$ 0.414 23 0.018 1.754 0.104

TREATMENT$ 0.123 1 0.123 11.963 0.002
SUBPLOT$(PLOT$) 1.525 70 0.022 2.124 0.031
TREATMENT$*SUBPL
OT$(PLOT$) 1.619 72 0.022 2.192 0.026

Error 0.205 20 0.010   
 
d) Zea mays leaf biomass RGR ANOVA 

Source Sum-of-Squares df Mean-Square F-ratio P
PLOT$ 0.084 23 0.004 1.453 0.201

TREATMENT$ 0.045 1 0.045 17.776 0.000
SUBPLOT$(PLOT$) 0.408 71 0.006 2.285 0.020
TREATMENT$*SUBPL
OT$(PLOT$) 0.329 71 0.005 1.844 0.063

Error 0.050 20 0.003   
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Correlation Analyses: 

Correlation analyses using the Pearson coefficient were performed to compare plot 

RGR averages per species of phytometer with tree biomass data for 2004 (Appendix 3, 

Table2a and b). The entire data set shows a significance of the correlation between the 

variables of Z. mays RGR and the tree biomass (Appendix 3, Table 2a). Two plots with 

extreme values were chosen, based on a ranked diagram (Figure1) showing how each 

of the plots relates between the phytometers and tree data. The 2 plots that showed the 

apparent greatest overall variation in rank between the 3 variables were estimated to be 

T1 and T5. These were removed and the analysis run again; it was found that it was 

instead H. crepitans RGR that is significantly correlated with tree biomass, and not 

mays (Appendix 3, Table 2b). 

 
Figure1: Plot comparison based on ranks in ascending order from worst to best RGR for H. crepitans and 

Z. mays and 2003 tree biomass. 

 
 

Correlation analyses using the Pearson coefficient were also run on the subplot 

averages of phytometer RGRs for Z. mays and H. crepitans (Appendix 3, Table 2: c and 

d) The test initially failed to find the 2 phytometers to be significantly correlated 

(Appendix 3, Table 2: c). The same test was run without the same two plots with 
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extreme values, T1 and T5. The result was found to be more significant (p=0.052), but 

not within the 5% significance range required by this study (Appendix 3, Table 2: d). 

 

Canonical Covariance Analysis: 

The CCA analysis was run 3 times with different sets of environmental and/or species 

data. The first one, Appendix 4a, found that the centroids of species variables, the two 

phytometer RGRs and the 2001 grass height and total herbaceous biomass data, all 

plotted close together around the center of the plot. The distribution of these was 

described mostly by variation on the X–axis (>99% of the variation explained). The 

largest contributing environmental variable was position in the landscape, i.e. on hill top, 

ranked lowest, or valley, ranked highest. This variable increases (the position is lower) 

in the direction of the subplots that had the lowest phytometer growth rates, referencing 

Appendix 3, Table 1. Another important contributing environmental factor is grass 

density, which increases in the negative direction, the same direction as the subplots 

where the phytometer did well, such as those of A3.  Further, drainage is found to 

contribute as well, which increases with wetter conditions, in the same direction as 

position, towards the subplots with poor phytometer growth. 

 

The second CCA, Appendix 4b, found the species variables of the two phytometers, the 

tree death data, tree height and total biomass to plot closely. Again, the distribution of 

these was described mostly by variation on the X–axis (>99% of the variation 

explained). The largest environmental variable influencing these growth parameters is, 

again, drainage, with the worst drainage again in the direction of the plots of poorest 

phytometer growth and highest tree death. The direction of the slope is the largest 

environmental variable on the opposite side of the plot, suggesting a correlation 

between facing towards the South and Southwest and high growth and growth rate. 

Also explaining a large part of the subplot and species variable variation is the relative 

elevation, which shows decreasing growth and growth rate with in the plots with lower 

elevation, in the same direction as poor drainage.  
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The third CCA, Appendix 4c, used only the 2 phytometer RGRs as its species variables. 

It found that all variation was explained on the X-axis, and thus has no variables as 

vectors to this axis. It also found H. crepitans and Z. mays to plot quite close together 

on the spread of subplots and environmental variables. Again, the drainage of the plot 

described the majority of the variation, with the waterlogged plots correlating to the plots 

of lowest RGR. Other important factors on the same side of the graph, with plots of 

decreasing RGR, are position and relative elevation, just as these were in the second 

CCA plot, and as position was in the first. Finally, direction of slope again shows that 

South and Southwest facing slopes are correlated with high growth rate. 
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Discussion:  
The ANOVAs found soil type by plots and/or subplots nested within plots to be 

significant across all variables. Thus it is clear that soil is a significant factor influencing 

growth rate and biomass accumulation. This is the main effect that we were expecting 

to find to explain the confounded biodiversity data. Thus the soil quality variation 

between the different plots is adding to biodiversity to influence the variability in growth 

of the trees in these plots. The ANOVAs also found that the drainage treatment is 

significant for the growth of Z. mays. The dry treatment, which consisted of the pots with 

better drainage, had higher overall growth and growth rates in this species, as seen by 

the ANOVAs of RGRs of basal diameter data and leaf biomass, as well as the raw 

biomass data itself. This is in contrast to the wet treatment, which had a deleterious 

effect, as expected, because it was meant to mimic the water-logging effect that has 

been observed in the heavy waterfall of the rainy season with wet treatment. 

 

Other than the nested subplots and drainage treatment effects influencing the Z. mays 

variables, blocks (referred to as samples in the factor tables for the ANOVAs; Tables 1 

and 2), and a couple of interaction terms were found to be significant as well. The fact 

that there are more significant terms for Z. mays, so far, is expected, as H. crepitans, 

the tree, has more of its own resources to start with. The seed of H. crepitans is larger 

and has more nutrients to aid the initial growth of the tree seedling. Z. mays, an annual 

plant, produces more seed at any given time and puts less effort insofar as nutrients 

into each one. It is possible that larger differences in H. crepitans growth will emerge 

over a longer time period, which is why the growth of this phytometer has been 

extended beyond the scope of this semester long study.  

 

The fact that Z. mays shows a significant difference between blocks deserves mention. 

This reflects both the already discussed result that Z. mays is a more sensitive 

phytometer to growth conditions so far, and that the conditions of block 2 were in some 

way inferior to block 1. Block 2 could have had less shade, exposing it to more sun: the 

2 blocks were along the live fence for shade but in different locations. These were also 

planted a week apart from each other, and the weather conditions could have been 
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different in these 2 overlapping time periods. This may explain why, when the analysis 

is broken down by sample and water treatment (Table 1) the wet treatment of drainage 

does better (instead of worse overall for Z. mays) in the second sample H. crepitans 

data, and is not significantly worse for Z. mays. If the weather was dryer, or there was 

more sun reaching the plants in this location, the watering of the plants may not have 

been sufficient to mimic the water-logging conditions as well as in the first sample. This 

would lead the lack of drainage in the “wet” pots to be a positive if there is more of a 

water stress instead of surplus in this block. There was also the problem of the roots of 

Z. mays needing to be cut when they ventured outside of the pots. Perhaps this 

functioned with the other factors mentioned to cause Z. mays to do so much worse in 

this second block. The effect that the block had, however, is not significant for our 

analysis of soil quality and conditions.  

 

The significant correlation of Z. mays to the trees when the analysis is run with all plots 

shows that it is a good phytometer. The removal of the two plots of extreme values 

shows that there is a significant correlation of H. crepitans to tree growth. These results 

reflect both the fact that H. crepitans is also a good phytometer in this experiment, and 

that correlation analyses are very sensitive to extreme data points. Similarly, the 

removal of these two extreme values shows, in the correlation by subplot of just the 2 

phytometer species basal diameter RGRs, that these are very nearly significantly 

correlated. The fact that there are differences in how plot and subplot soil variation 

affected the two phytometers, while both can be seen as significantly correlated to tree 

growth in the plots, signifies that data about soil quality would have been lost if only onw 

species had been used as a phytometer.  

 

We take the correlation data to signify that both species are generally correlated with 

tree growth and thus the conditions in the plots. The CCA analyses both confirm this 

result, and further ties it to the environmental characteristics of the plots. The CCAs, 

especially the second (Appendix 4a), show that the current tree death data is very 

closely related to the phytometer RGRs, and that tree height and biomass are closely 

realted to these as well. The third CCA also shows that the two phytometers are very 
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closely related to each other, which was hinted at by the correlation analysis. Thus the 

same environmental factors that are influencing higher tree death and lower tree growth 

appear to also be causing low phytometer relative growth rate.  

 

In understanding the CCA analysis, we must keep in mind that the drainage treatment is 

not treated here as a factor. All of the pots from a certain subplot are taken together for 

this analysis. There is, therefore, a correlation between poor phytometer growth rate in 

the soil from a certain plot and how that plot relates to the others topographically, in 

terms of the direction or relative elevation, as well as the resultant drainage or water-

logged properties. This observation is a separate factor altogether from the drainage 

treatment employed. This relates to the actual changes in soil properties and soil fertility 

due to these topographical, and subsequently drainage, factors over the time that the 

soil has been accumulating there under different conditions of vegetation. The effects, 

such as water-logging in the low areas and better drainage higher up, of environmental 

and topographical influence on the soil therefore combine with the conditions 

themselves to decrease or increase the growth and growth potential of these plots. And 

these effects overall are confounding the Sardinilla biodiversity data.  

 

Any analysis only of soil properties, such as those in the maps of Appendix 2, or of soil 

conditions, such as saturation measurements in the rainy season, would have missed 

this two-fold effect of topographical variation. The use of a phytometer to test soil quality 

and drainage effects, along with sophisticated techniques of analysis, have been able to 

create a larger, more detailed picture about what is causing variation in the Sardinillla 

Project. Thus, though not ruling out the importance of soil properties and conditions 

analyses whatsoever, a more holistic approach, such as a phytometer study reveals 

more and more complicated information that these analyses alone would have missed. 

This picture of what is causing tree growth variation would be limited without an analysis 

that also includes growth. 
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Future Work 
As far as the work for the future, it is plentiful. The measurement and harvest of Hura 

crepitans continues and Zea mays samples sit in the drying oven waiting to be weighed 

as I write this. On April 26, 2004 I intend to travel to BCI and use the Leaf Area machine 

located there to assess the weight of the leaves that I have collected and weighed thus 

far. This will lead to the LAR and NAR statistical variables, and therefore further 

analysis using ANOVAs, correlations and CCAs of these. Otherwise, next week I will 

finish weighing the samples and entering data, and complete the analyses, starting 

when I return to Montreal in June. The final product, here presented, will be modified, 

and more data added, to eventually lead to an article for publication, as was the original 

aim of the host institutions and supervisors.  

 

These data and analyses will eventually be pooled with the Sardinilla Project data to 

fully understand the effects of biodiversity in the plots without skewed influence of the 

effects of soil characteristics and conditions. There are currently 3 other, similar, large-

scale, long-term, biodiversity studies being carried out across the world. In a few years, 

the data from all of these, and the previous, first generation, biodiversity studies, can be 

pooled to better understand the role of biodiversity in the ecosystem functioning of many 

different climates and experimental methodologies. If the Kyoto protocol is passed by 

more countries, and the carbon credit trading program comes to fruition, the Sardinilla 

Project data, refined by this experiment, can be used to estimate the carbon 

sequestration possibility of reforestation and afforestation in tropical countries. This 

may, hopefully, lead to decreased atmospheric carbon levels and the rebound of the 

tropical forests.  
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Appendix 1: Tree Biomass and Death Map of Sardinilla Plantation 
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Appendix 2: Soil Maps 
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Appendix 3: Tables and Graphs of Results 
Table 1: Means and Standard Deviations by Plot, Species, and Treatment 
 Z. mays H. crepitans 
PLO
T 

MEAN 
LF 
BIOMAS
S (mg) 

ST. DEV. 
(mg) 

MEAN 
RGR OF 
LF 
BIOMASS 

ST. DEV.  MEAN 
RGR OF 
BASAL 
DIAMETER 

ST. 
DEV.  

MEAN 
RGR OF 
BASAL 
DIAMETER 

ST. 
DEV.  

A1 243.75 92.41792 0.776829 0.051282 0.200 0.039 0.185 0.095
A2 223.75 91.17291 0.762517 0.058396 0.194 0.039 0.149 0.108
A3 276.25 141.1117 0.782427 0.087426 0.195 0.041 0.241 0.032
A4 292.5 135.6203 0.798125 0.065245 0.219 0.042 0.202 0.061
A5 220 48.98979 0.767562 0.030705 0.199 0.041 0.219 0.061
A6 298.75 88.8719 0.808761 0.042412 0.215 0.038 0.19 0.082
AE1 222.5 131.1215 0.75198 0.079908 0.201 0.055 0.154 0.108
AE2 283.333 245.2482 0.75607 0.139368 0.210 0.051 0.233 0.016
CAL 253.75 116.1203 0.77887 0.061439 0.214 0.033 0.195 0.058
CAR 416.667 153.1883 0.854851 0.046893 0.222 0.042 0.222 0.067
CM1 357.5 336.4839 0.792659 0.117413 0.216 0.051 0.23 0.012
CM2 245 106.7708 0.773627 0.064237 0.205 0.037 0.234 0.017
HC1 241.25 132.8197 0.767836 0.069079 0.220 0.034 0.225 0.015
HC2 233.75 129.7181 0.758426 0.085835 0.181 0.043 0.194 0.088
LS1 215 75.40368 0.758788 0.05393 0.200 0.028 0.188 0.076
LS2 221.429 110.3674 0.756739 0.069189 0.191 0.034 0.183 0.098
T1 283.75 160.1729 0.787043 0.080632 0.219 0.034 0.17 0.106
T2 313.75 125.0071 0.810687 0.059508 0.219 0.037 0.227 0.018
T3 267.5 179.1847 0.768997 0.101974 0.192 0.062 0.206 0.09 
T4 331.25 243.5122 0.803069 0.088994 0.205 0.031 0.23 0.024
T5 281.25 71.60158 0.801791 0.034896 0.225 0.018 0.188 0.107
T6 205 59.03994 0.755838 0.037711 0.219 0.039 0.216 0.063
TR1 245 166.4761 0.766052 0.073976 0.190 0.045 0.175 0.109
TR2 266.25 67.38747 0.793694 0.03676 0.194 0.027 0.227 0.028
WET 233.261 135.339 0.761 0.07 0.200 0.036 0.208 0.07 
DRY 299.263 148.569 0.799 0.068 0.212 0.044 0.198 0.08 
M1 266.791 145.64 0.780 0.071 0.221 0.038 0.202 0.076
M2 NA NA NA NA 0.191 0.037 0.204 0.075
TOT NA NA NA NA 0.206 0.041 0.203 0.076
 

 

 

 

 

 

 

 

 

 

 

 29



Table?: Pearson correlation and Bonferroni probability matrices; a) by plot, comparing RGR averages of 

both phytometer species and tree biomass 2003 data; b) by plot, comparing RGR averages of both 

phytometer species and tree biomass 2003 data, without the outliers of T1 and T5; c) by subplot, 

comparing RGR averages of both phytometer species; d) by subplot, comparing RGR averages of 

both phytometer species, without the outliers of T1 and T5. 

a)
Pearson correlation matrix 

 MAYS TREES HURA 
MAYS 1.000   

TREES 0.596 1.000  
HURA 0.209 0.368 1.000

Bartlett Chi-square statistic: 11.215 df=3  
Prob= 0.011 
Matrix of Bonferroni Probabilities 

 MAYS TREES HURA 
MAYS 0.000   

TREES 0.010 0.000  
HURA 1.000 0.277 0.000

Number of observations: 22 
 
 

b) 
Pearson correlation matrix  

 MAYS TREE HURA 
MAYS 1.000   
TREE 0.495 1.000  
HURA 0.385 0.571 1.000 

Bartlett Chi-square statistic: 11.961 df=3  
Prob= 0.008 
Matrix of Bonferroni Probabilities 

 MAYS TREE HURA 
MAYS 0.000   
TREE 0.080 0.000  
HURA 0.281 0.025 0.000 

Number of observations: 20 

c) 

Pearson correlation matrix 
 HURA MAYS 

HURA 1.000  
MAYS 0.174 1.000 

Bartlett Chi-square statistic:     2.631 df=1  
Prob= 0.105 
Matrix of Bonferroni Probabilities 

 HURA MAYS 
HURA 0.000  
MAYS 0.105 0.000 

Number of observations: 88 

  
d)  
Pearson correlation matrix 

Bartlett Chi-square statistic:     3.634 df=1  
Prob= 0.057 
Matrix of Bonferroni Probabilities 

 HURA MAYS 
HURA 0.000  
MAYS 0.057 0.000 

Number of observations: 80 
 

 

 

 

 

 

 

 

 

 

 HURA MAYS 
HURA 1.000  
MAYS 0.214 1.000 
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Appendix 4: CCA Plots  
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Plot 3 : 
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