Materials and Methods

Study Site From 6-25 May 2002, during the dry season’s end, we sampled the undisturbed canopy of a primary aged, lowland dipterocarp rainforest in Danum Valley (23), Sabah, Malaysian Borneo (4o58’N, 117o48’E). The level, 135 m X 40 m sample plot, 150 m above sea level, was chosen as representative in stature and composition (24, 25). Within the sample plot the forest’s upper canopy surface was 40-75 m above ground, with 11 individual trees > 40 m tall (mean = 59.5 m, s.d. = 10.1 m). These trees represented five species of Dipterocarpaceae (Shorea leprosula, S. parvifolia, S. johorensis, Parashorea malaanonan, P. tomentella), two species of Fabaciae (Koompassia excelsa, Dialium indum), and one species each of Anacardiaceae (Pentaspodon motleyi) and Meliaceae (Azadirachta excelsa) (24). Unidentified species of lianas and vascular epiphytes, particularly orchids and ferns, were abundant in the crowns of most understory and some overstory trees. Understory trees (< 40m) were not identified and the only palms above 10 m in the plot were climbing rattans (Arecaceae). 

Arthropod Sampling We established six vertical sampling transects that reached from ground level to the upper canopy surface. These transects were positioned regularly every 20-25 m along a 110 m segment of the 130 m horizontal traverse suspended along the centerline of the sample plot (Fig. 1). Each transect was sampled for arthropods using a vertical array of 1 m2 fogging trays (circular nylon funnels equipped with alcohol bottles). These trays were positioned as near to 5 m vertical intervals as possible given certain technical problems associated with rope-based methods in tall canopies. During the fogging operation, neither the fogger (Swing-Fog model SN50 using 1.6% aqueous solution of the synthetic pyrethrum, Cypermethrin) nor the collection tray was more than 5 m from any foliage sampled, except in the case of transects T1 and T9 where the distance between the uppermost tray and canopy surface were 11 m and 9 m respectively (Fig. 1). The arrangement of 74 total locations of fogging trays provided 6 sampling cylinders, each with a cross-sectional area of 1 m2, that stretched from ground level to above the solar illuminated canopy surface.  From 12-24 May between the hours of 0700-0930 we fogged and collected arthropod samples from the six cylinders. Starting from above the uppermost tray one of us operated the fogger by rappelling from the traverse line to the ground, fogging each ~5 m segment of the total sampling cylinder for approximately 30 seconds. No more than one full sampling cylinder was fogged per day and fogging events were separated by 1-3 days. The arthropods were collected from the trays 1-2 hours after fogging and preserved in 80% ethanol.  Insects and arachnids were identified to Order, as endopterygote larvae, or as ants (Formicidae); other arthropods to Class. Specimens were digitally photographed and measured to the nearest 0.1 mm using computer software (4***).  We applied length to biomass allometry equations (5, 6***) to estimate arthropod biomass. In addition to the stratified canopy sample, and as background corroboration for the transect samples, we also collected two sets of independent fogging samples from throughout 400 hectares surrounding the sample traverse (26**).  These independent samples came from the top 10 m of five trees in the upper canopy (105 trays in total) and from the bottom 10 m of 20 trees in the lower canopy (80 trays in total).  There were no significant differences between these independent samples and those of corresponding heights from the transect samples (Upper canopy abundance: Mann-Whitney U5,6 = 15, 2-tailed P = 1.0; upper canopy biomass: Mann-Whitney U5,6 = 12, 2-tailed P = 0.66. Lower canopy abundance: Mann-Whitney U20,6 = 30, 2-tailed P = 0.07; lower canopy biomass: Mann-Whitney U20,6 = 42, 2-tailed P = 0.30).

Canopy Variables We investigated four factors that might determine the vertical distribution of arthropods: (1) sample height per se, (2) foliage density, (3) transmittance of photosynthetically active radiation (PAR), and the (4) dryness of the air measured as vapour pressure deficit (VPD).  For any given transect all measures were taken within 1-6 days of each other and of arthropod fogging. Height above ground was measured with a measuring tape anchored to the forest floor at the base of each transect.

Foliage Density: We constructed foliage density profiles along each transect from ground to the canopy surface for three transects (T2, T3, T4; Fig. 1) and within 11 m of the surface for three others (T1, T5, and T6; Fig. 1).  Using a laser range finder (Laser Technology Incorporated, Impulse 200 LR) we sampled horizontal distances to nearest foliage (i.e., leaves, stems, trunks, epiphytes, lianas, etc.) at uniform vertical intervals. Every 2 m along each transect we established  sample locations z meters above the ground (z = 1 m, 3 m, 5 m,…) from which we measured the distance to nearest vegetation in 12 horizontal directions (
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) as ri, i = 1,…,12.  For each transect we used these distance-to-foliage measures (ri) to estimate the foliage density D at height z as the median of the reciprocal of the distances at height z: 

D(z) = median(1/ri), i = 1,…,12.
PAR Transmittance: At the same locations where we measured foliage density (except the four uppermost heights on T5) we also made spot light readings of photosynthetically active radiation, PAR(z), using a handheld light meter  (Spectrum Technologies, Quantum Meter) that measures 400-700 nm radiation in umol m-2 s-1. We normalized each reading with the maximum measured light value along a given transect, MAX(PAR), to give PAR transmittance: 

TRANS(z) = PAR(z)/MAX(PAR).

Microclimate: At ~3 m intervals along each vertical transect we sampled temperature (T in degrees C) and relative humidity (RH in %) at 30 min intervals for 24 hours using data loggers (Onset, Hobo Pro series). The two measures were combined to calculate vapour pressure deficit (VPD in kPa), which measures the difference between moisture content in the air and maximum possible content for a given temperature. VPD provides a single measure of air dryness using T and RH.  If the maximum vapour pressure of air at temperature T is es, then 
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VPD for each transect and height above ground was averaged over the 24 h sampling time to get VPD(z). 

Analysis For comparison with other canopy measures we averaged the mean foliage density, mean transmittance, and mean VPD over the ~5 m segment of the sampling cylinder above and including the arthropod sampling tray, the putative source of arthropods. This provided 74 samples of height, foliage density, arthropod numbers and biomass; 73 samples of VPD; and 70 samples of PAR transmittance. To estimate the total number of arthropods and arthropod biomass on a per hectare basis of forest we summed arthropod measures over each sampling cylinder. To test the null  hypothesis of uniform distribution of arthropod biomass (log10 transformed) and abundance (square-root transformed), we applied ANOVA without replication, using height as fixed treatment effect and transect as random treatment effect. To assess the effects of the environmental variables we performed Spearman’s bivariate rank order correlations followed by partial correlation analysis on untransformed variables.
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Figure 1.
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