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Abstract:

Utilizing weekly and biweekly records of flower and fruit fall at the Luquillo and Barro Colorado Island (BCI) Forest Dynamics Plots (FDPs), we sought to test the role of seasonal rainfall and solar irradiance as determinants of community-wide phenologies.   These two FDPs were chosen for comparison because they contrast in seasonal rainfall (Luquillo is an everwet site with all months exhibiting mean rainfall > 200 mm while BCI has a four month dry season) and irradiance patterns (Luquillo exhibits peak irradiance during the months of March-August while peak irradiances occur at BCI during the dry season, January-April).  Data sets ranging in length from ten years, at the Luquillo site, to 15 years, at BCI, were used to determine the primary flowering and fruiting periods for approximately 60 and 180 species, respectively.   Analyses of both data sets supported the hypothesis that seasonal irradiance is the primary determinant of plant phenologies.  At the Luquillo site, which lacks significant seasonality in rainfall, most species flowered and produced fruits in the summer months, avoiding the winter solstice when solar declination is at its lowest.  At BCI, most species flowered and produced fruit in the dry season when solar irradiation was highest due to low cloud cover.  We also investigated seasonal patterns in seed development time (estimated from the difference in mean flowering and fruiting times), finding only moderate support for the hypothesis that seed development times are controlled by seasonal changes in irradiation – such comparisons are complicated by joint selection on seeds for both the timing of dispersal of seeds versus dormancy periods.   Comparison of phenologies of eight species common to both sites indicated that in four species, flowering and fruiting times were similar between sites and concentrated in the summer (Luquillo) and early wet season (BCI) months, consistent with the hypothesis of an ecological filter producing selecting species with similar phenologies in both sites.   There was no support for the hypothesis of local adaptation producing phenological differences consistent with the differences in seasonality between sites.

Aim

Using long-term phenological data from two CTFS sites, my goals was to test the hypothesis that the dominant factor determining phenological timing at the community level is seasonal changes in solar irradiance, and not rainfall as is often assumed.  Specifically, we tested three hypotheses.

· Hypothesis 1: Phenological activity is high during sunny seasons and low during seasons of low insolation.  

· Hypothesis 2: Seed development times should be shortest during sunny periods.

· Hypothesis 3: Phenologies of species in held in common at two sites will reflect a) local adaptation (highest activity in the dry season on BCI and during the summer at El Verde) or an ecological filter (species which show greatest activity during early wet season on BCI have equivalent phonologies at El Verde).

Methodology

Quantitative records of phenology data have been collected at both study sites for ten to fifteen years using the same basic methodology.   Flower activity and seed production were collected from 120 (El Verde; Luquillo Forest Dynamics Plot) or 200 traps (BCI Forest Dynamics Plot) placed in a stratified random manner with minimum distances of 15.7 m between traps.  Sizes of traps differed between sites: those at El Verde had surface area of 0.16m2 while those at BCI had 0.5 m2.  Traps at both sites were constructed using 1 mm mesh mounted 80-100 cm above the ground.  Data at El Verde were collected biweekly beginning in 1 April 1992 except following Hurricane Georges (Category 3; 21 September 1998) following which data collection was resumed the following January.  Because of the severe defoliation and other damage caused by severe hurricanes, we assume that there was little or no plant reproduction during this time period.  Data on BCI have been collected weekly since 1 January 1987.  The BCI data were converted to the sampling times at El Verde by summing subsequent one-week periods.  For these analyses, data are those collected at both sites through the end of 2002.


We defined flower records to be one or zero if flowers were present or absent, respectively, for each species, sampling date, and trap.  Seed production equaled the number of seeds of seeds captured plus the number of fruits captured multiplied by the mean number of seeds per fruit.


Community-wide analyses were restricted to species encountered in at least 5% of traps over the entire sampling period.  This insures that multiple individuals were sampled.  The difference in minimum trap numbers between sites (6 for El Verde vs. 10 for BCI) is justified by differences in the stature and average canopy size of the two forests (Brokaw et al. 2004).   These data were further limited to species with a minimum number of 16 flowering record or fruiting records, the minimum required to detect sub annual (bimodal) flowering or fruiting patterns (see below).


Vector algebra was required to calculate mean flowering and fruiting times because flowering and fruiting occurred year-round.  Linear or Julian time scales are unworkable when data must be combined between years (e.g., flowering records occurring with equal frequency in December [mo=12] and January [mo=1] would average to mid-June [mo=6.5]).   To avoid this problem, flowering and fruiting times were converted to an angle ranging from 0 to 360º from which mean vector angles were calculated (see Batchelet 1981, pp. 7-18; and Wright and Calderon 1995 for additional details).  The length of the mean vector then provides a measure of the concentration of flowering and fruiting.  The length of the mean vector ranges from zero (when either flowering and fruiting occur uniformly throughout the year) to one (when flowering or fruiting are concentrated in the same sampling date each year).


This analytical approach fails if species exhibit bimodal flowering (e.g., a species which regularly flowers in March and September would exhibit a mean flowering date of June or December and have a vector length of zero).   Our approach to this was to first determine whether there was significant seasonality in reproductive activity and then to evaluate the pattern of activity.  To determine whether individual species exhibited seasonality in either flowering or fruiting, the biweekly censuses were combined into monthly records and analyzed using contingency tables.  For these analyses, seed and fruit data were treated like the flowering data and converted to presence/absence for a particular species, time, and basket.   Contingency tables were constructed to ensure an expected value of 4 or more in each cell (Batchelet 1981).  Therefore, analyses were for one-month, two-month (bimonthly) or three-month (quarterly) intervals for species with > 48, 24 - 47 or16 to 23 records, respectively.  Species which could not be analyzed quarterly, those with < 16 records, were excluded.  To control Type I error, analyses for each site were subject to a sequential Bonferonni adjustment (Rice 1989) of the overall alpha of 0.05.


To search for bimodal flowering and fruiting patterns, we first conducted autocorrelation analyses of biweekly (El Verde) and weekly (BCI) flowering and fruiting records (Wright and Calderon 1995).     For El Verde we used the first 6.5 years of data (i.e., up to Hurricane Georges in September 1998) while for BCI we utilized the entire 15-year span of records.  The autocorrelation analyses detect even the smallest variation in flowering and fruiting repeated over time.  To confirm that a species with a significant autocorrelation at a periodicity of <1 year had bimodal flowering or fruiting, we returned to the contingency table analyses described in the previous paragraph and calculated Freeman-Tukey deviates for each cell (Sokal and Rohlf 1995, p. 750).  Freeman-Tukey deviates were compared to a critical cut-off value (alpha = 0.05), allowing us to detect significant peaks and troughs in flowering and fruiting within a year.  Bimodal species showed two significant peaks (or troughs) within a year.

Tests of Hypotheses

Hypotheses 1: Phenological activity is high during sunny seasons and low during seasons of low insolation.


As a first test of the hypothesis, we noted that in PR, radiation has a long April to 
September peak (Fig. 1) and declines to December (the winter solstice) and then increases.  For hypothesis tests we combined data into three 4-mo seasons (trimesters):  increasing radiation (Jan-Apr), high radiation (May-Aug), and decreasing radiation (Sep-Dec).  For BCI, radiation has a Jan-Apr peak and a Jun-Nov trough.  For hypothesis tests we also used three 4-mo seasons—dry season (JFMA), early wet season (MJJA), and late wet season (SOND).  We then calculated the frequency with which the mean vector angles for species fell into each trimester at each site.  For PR, we expected that significant positive deviations from the expected frequencies would occur in the second trimester and be negative for the first and third trimester.  At BCI it was expected that positive deviations would be detected in the first trimester and negative during the second and third trimesters. 

Hypothesis 2:  Seed development times should be shortest during sunny periods.  Seed development time for each species was estimated from the differences in vector angles (mean dates) of flowering and fruiting (see Tables 1 and 2).  We then conducted an ANOVA on mean development times in each trimester.

Hypothesis 3:  Phenologies of species in held in common at two sites will reflect local adaptation or an ecological filter. A small number of species common to both El Verde and BCI provided sufficient data to compare the phenological behavior across sites.  
Species-specific comparisons were analyzed using chi-square analyses of contingency tables (Batchelet 1981), which require a minimum expected value of five.  Where necessary, data from months with little or no reproductive activity were combined to meet this minimum. 

Results and Conclusions

Bimodality. We found that five species at El Verde and 7 species on BCI exhibited some degree of bimodality in seasonal flowering or fruiting (Table 1) a relatively low percentage of species for both communities (Tables 2, 3).  In most cases, species were bimodal only for flowering and not fruiting, thus one flowering peak often did not result in viable seed.  For two species on BCI, we detected significant bimodality in fruiting, but because flowering was not detected in either species, we do not know if they were also bimodal for flowering.   Bimodal species were subsequently removed from any calculations involving vector algebra for reasons described in the Methodology.

Data availability.  In the following analyses, we included only those species represented in 5% or more of traps (see Methodology).  Following the removal of species exhibiting bimodality, we had the following number of species with sufficient data to calculate phenological vectors at El Verde. For flowering, data were available for 57 species (Fig. 2), of which 3 were not significant for the test of seasonality (done using contingency tables – see Methodology).  For fruiting, 63 species were available, of which 3 did not exhibit significant seasonality.  For species in which sufficient data for both flowering and fruiting were available, permitting an estimate of seed development time, 51 species were available.

For BCI, data for flowering were available for 144 species, of which 2 were not significant for the test of seasonality (Fig. 3).  For fruiting, data were available for 187 species, in which seasonality was not significant in 3 species.   In 121 species data for both flowering and fruiting were available. 

Hypotheses 1:  Phenological activity is high during sunny periods and low during periods of low seasonal  insolation.  At the El Verde site, the concentrations of phenological activity (vector lengths) were relatively low, exhibiting a community average of 0.50 + 0.03 (SE) for flowering and 0.57 + 0.03 for fruit production.  Despite the low concentration of phenological activity, most species exhibited statistical seasonality.  At El Verde, mean months of flowering (vector angles, Fig. 2) among species exhibited a general tendency for flowering to occur in the middle of the year with modes in March and August.  Combining data into trimesters, there was a significant effect of time of year on the frequency of species with different phenological averages (G=6.40, P=0.042), with 27 species having averages during mid-year and 14 and 13 species falling in the periods of ascending and descending radiation, respectively.  For fruiting, the number of species with mean vectors falling in each month tended to be lowest during the first part of the year and there was a distinct mode in May.   Differences among trimesters were not, however, significant (G=4.20, P=0.125).  Thus, for this test of Hypotheses 1 and 2, data for flowering conformed to our expectations while that for fruiting did not.

At BCI, concentrations of phenological activity were high, averaging 0.71 + 0.02 for flowering and 0.74 + 0.02 for fruiting (Fig. 3).  There was a strong skew in the distributions of both phenophases such that concentrations of phenological activity exceed 0.8 in most species.  Mean months of flowering and fruiting for most species on BCI fell in the months of March and April.  Combining data into trimesters revealed that average flowering months for most species, 72, fell in the dry season (G=28.03, P<0.0001) while the number of species flowering in the early and late seasons were 48 and 22, respectively.  For fruiting, similar results were obtained (G=20.65, P<0.0001) with 87 species fruiting in the dry season, and 40 and 48 species with mean fruiting months in the early and late wet seasons, respectively.  Data for both flowering and fruiting patterns at BCI are in strong concordance with hypotheses 1 and 2.

Hypothesis 2:  Insolation controls seed development time. We predicted that differences in the mean month of flowering and mean month of fruiting, an estimate of fruit development time, would be small during period of high irradiance.  At El Verde, comparison of mean development times by trimester (Table 4) indicated there was a significant difference (F=19.07, P<0.0001) among trimesters, with the first trimester exhibited the lowest mean development time.  This is in contrast to our prediction.

At BCI, species flowering in the dry season had extremely short fruit development times, while those flowering in the early wet season had extremely long fruit development times.  Those flowering in the late wet season had variable fruit development times, though not tending to be as large as those species flowering in the early wet season.  Comparison of species by trimester of flowering indicated a significant difference (F=51.41, P<0.0001), with species in the dry season exhibiting the shortest fruit development times (Table 4).

Hypothesis 3:  Shared species. Our final hypothesis considers eight species held in common between the two study sites that had sufficient samples sizes for at least one phenophase to make statistical comparisons.  This hypothesis has two predictions.  One is that shared species should exhibit local adaptation such that a species occurring at El Verde should concentrate flowering and fruiting in the summer months while occurring at BCI it should flower and fruit in the dry season.  Thus, phenologies should differ among sites. Alternatively, if an ecological filter is operating, species at El Verde, the everwet site, should be selected from the group of species which flower during the wet season on BCI.  Thus, phenologies should be similar but concentrated in the wet season on BCI.  We consider these alternatives under the same hypothesis because they are mutually compatible.

Differences in the phenologies among species were all significant at P<0.0001 (Fig. 4).  The statistical test is sensitive to any particular difference in distributions between sites, not just those differences related to our hypothesis.  For example, as at the community level (Figs. 2 and 3), phenologies appear broader at El Verde than at BCI.  We rely on inspection to further evaluate our predictions.   Four species, Casearia arborea, C. sylvestris, Dendropanax morototoni, and Guarea guidonia, appear to conform to the ecological filter in that the peaks in phenological activities are nearly identical and they flower in the wet season on BCI.  The remaining four species (Fig. 4) exhibit strong differences in phenology, but do not follow the predicted patterns of local adaptation.  In no case do the species flower or fruit in summer months at El Verde and in the dry season on BCI, with the possible exception of fruiting in Hippocratea volubulis. 
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	Table 1.  Species that tested significant for subannual peaks in flowering and fruit production, showing the predominant months of activity.  "ND" refers to a phenophase in which data were too few to test for a pattern (minimum N = 16 observations -- see Methodology).

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Site
	Species
	Lifeform
	Bimodality Flowering?
	Flowering Months
	Bimodality Fruiting?
	Fruiting Months

	
	
	
	
	
	
	

	Luquillo
	Alchorneopsis floribunda
	M. Tree
	Yes
	Mar, Jul - Oct
	No
	Aug-Oct

	
	Guarea guidonia
	L. Tree
	Yes
	May-Jun, Oct-Dec
	No
	Aug-Oct

	
	Inga laurina
	M. Tree
	Yes
	Mar-May, Sep-Nov
	No
	Jan-Feb

	
	Inga vera
	M. Tree
	Yes
	Apr-May, Aug-Oct
	ND
	--

	
	Rourea surinamensis
	Liana
	Yes
	May-Jun, Oct-Nov
	No
	Feb - June

	
	
	
	
	
	
	

	BCI
	Hippocaratea volubilis
	Liana
	Yes
	Mar, Jul-Aug
	No
	Jan-Mar

	
	Hiraea grandiflora
	Vine
	Yes
	Apr, Nov
	No
	April

	
	Hiraea  quapara
	Liana
	Yes
	Aug, Dec
	No
	Oct

	
	Hyeronima alchorneoides
	L. Tree
	ND
	--
	Yes
	Jun, Dec-Jan

	
	Poulsenia armata
	L. Tree
	Yes
	May-Jun, Oct
	No
	Jun-Jul

	
	Prioria copaifera
	L. Tree
	Yes
	Mar, Sep-Oct
	No
	Mar-May

	
	Tetracera hydrophila
	Liana
	ND
	--
	Yes
	Mar-Apr, Nov

	 
	 
	 
	 
	 
	 
	 


Table 4.  Mean seed development time (in months, + SE; estimated from the difference in mean month of flowering and fruiting) as related to trimester in which mean flowering month occurred.

	Trimester
	El Verde
	BCI

	Jan - Apr
	2.37 (0.63)
	2.19 (0.39)

	May - Aug
	4.36 (0.93)
	4.35 (0.76)

	Sept - Dec
	4.89 (1.07)
	3.57 (0.53)


Figure Captions

Fig 1. Rainfall and solar radiation at the Luquillo and BCI forest dynamics plots a)  Rainfall data for the Luquillo site were collected at El Verde Field Station (1975-2002) and total solar radiation were collected at the Bisley Experimental Watersheds (1998-2000) in the Luquillo Experimental Forest, Puerto Rico. b) Rainfall and total solar radiation for Barro Colorado Island.

Fig. 2.  Phenology of a) flowering and b) seed of the plant community at the Luquillo Forest Dynamics plot.  Upper polar plot for each phenophase shows mean flowering date (angle) versus mean vector (concentration of data around mean date).  Species exhibiting significant seasonality (see Methods) are shown with closed symbols and species for which seasonality was not detected are shown with open symbols.  Histograms below display mean vector distribution (filled=significantly seasonal, open = nonsignificant) and mean angle (=date) distribution (nonsignificant species excluded).

Fig. 3.  Phenology of a) flowering and b) seed of the plant community at the Barro Colorado Island Forest Dynamics plot.  Upper polar plot for each phenophase shows mean flowering or seed date (angle) versus mean vector (concentration of data around mean date).  Species exhibiting significant seasonality (see Methods) are shown with closed symbols and species for which seasonality was not detected are shown with open symbols.  Histograms below display mean vector distribution (filled bar =significantly seasonal, open bar = nonsignificant) and mean angle (=date) distribution (nonsignificant species excluded).

Figure. 4.  Seasonality of phenologies for eight species occurring at both El Verde and BCI.
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Figure 3
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Figure 4
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�No! March has the fourth highest level of solar irradiance in figure 1a!  The peak is either MJJ or MAMJJA.


�I put square brackets around another sentence that I fail to understand.  Specifically, what are the data being submitted to this contingency analysis.
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