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Abstract

:

The effects of hurricanes Irma and Maria and a severe drought on the temperature, precipitation, and soil moisture (under canopy and in the open) were calculated at 22 sites from 0–1045 m in northeastern Puerto Rico from 2001–2021, against the background short-term trend. Median and minimum air temperatures increased uniformly across the elevational gradient, 1.6 times as fast in the air under the canopy (+0.08 °C/yr) and 2.2 times as fast in the soil under the canopy (+0.11 °C/yr) as for air temperature in the open. There were no substantial moisture trends (average decrease <0.01 mm/yr). The peak effect of the hurricanes on under-canopy air temperature was the same as under-canopy soil temperature at 1000 m (+3, 0.7, 0.4 °C for maximum, median, minimum) but air maximum and minimum temperature peak effects were twice as high at 0 m (and soil temperatures stayed constant). Soil temperature hurricane recovery took longer at higher elevations. The peak effect of the hurricanes and the drought on the soil moisture was the same (but in opposite directions, ±0%), except for the wettest months where drought peak effect was larger and increasing with elevation. Differing patterns with elevation indicate different ecosystem stresses.
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1. Introduction


Against the long-term trend of climate warming, tropical forests exhibit a cycle of non-equilibrium, as hurricanes defoliate canopies and expose the ecosystem below to large step-changes [1,2,3]. Severe droughts disturb ecosystems over months instead of days, but still make relatively quick changes to available moisture, causing foliage loss and raising maximum soil temperature (due to heat capacity of drier soils; [4,5]). Yet, microclimates are buffered from the climate by the structure of tropical forests, forests that are often in mountainous terrain. It is not well understood how climatic changes, long-term to short-term, behave across an elevation gradient, and it is often assumed the spatial pattern of the microclimatic variables has continued to stay the same with climatic shifts occurring in a uniform proportional manner (precipitation and moisture) or uniform scalar manner (temperature) across elevation gradients [6,7,8].



Whether droughts or hurricanes cause more disturbance to the biota depends on (but is not limited to) differences in the vegetation and the elevation, as well as the adaptations of that species and the past event history [9,10]. Observationally, the canopies of the highest forests recover from hurricane disturbance much slower than their lower elevation counterparts [11,12]. However, ecosystem structure (root mass, canopy cover) in tropical forests has been shown to recover from disturbances of hurricanes and droughts more slowly than ecosystem function (decomposition, productivity) [13], so hypothesizing recovery paths of temperature and moisture along an elevational gradient is not straightforward. Moreover, long-term climatic changes will continue to accumulate and should not be discounted; any future hurricane and drought changes will act upon a microclimate that has experienced long-term change [14].



Recently, large disturbances have affected the tropical montane forests of northeastern Puerto Rico, an area heavily studied for wide distribution of tropical microbe and animal characteristics [15,16,17,18], soil dynamics [19,20,21], and vegetation properties [22,23,24]. These distributions are attributed to the microclimatic differences along the elevation gradient. In these studies, it was found that the relationships between the microbe and animal characteristics, soil dynamics, and vegetation properties depend on abiotic climate drivers to varying degrees and hypothesized that climatic changes will not affect all biota the same through time or space [9]. A need was identified to understand the microclimatic abiotic changes that are happening currently inside tropical forests in response to climatic changes, to provide a basis for observed biota trajectories. The disturbances provided an opportunity to study the regional patterns of different kinds of climatic changes. A drought started in May 2015, and the region was still experiencing drought conditions until March 2016 (https://droughtmonitor.unl.edu, accessed on 10 August 2022). In September 2017, two hurricanes impacted the region in quick succession: category 5 hurricane Irma passed 100 km to the north on 7 September, and category 4 hurricane Maria hit directly on September 20.



Due to the importance of tropical forest ecosystems, several previous studies have focused on the microclimate changes in northeastern Puerto Rico from these same large disturbances. After the hurricanes in Puerto Rico, one study found that satellite vegetation indices, “greenness”, recovered slower in upland evergreen forests with increasing elevation, but recovered faster in mangroves and riparian areas with increasing elevation [25]. LiDAR data showed different results on the effect of the hurricanes, specifically that the taller trees in the lower elevation forests had more damage than the shorter trees in the higher elevation forests [26]. These hurricane studies were done with remote sensing, which is spatially complete and cost-effective when the resulting data are primarily needed for relatively rapid assessment in forest dynamics, not microclimate abiotic variable measurement. With the severe drought, it was found that greenness recovered faster in areas that were more affected by the drought, with a possible connection to a drought-induced canopy opening allowing fast new growth with post-drought moisture [27]. Field studies found that hydraulic traits of 46 different forest species could not be used to predict the magnitudes of growth decline from the drought, and concluded that further microclimate study was needed [28,29].



The objective of this study was to evaluate how drought, hurricane, and 15–20 years of climatic changes were manifesting across the microclimates of an elevational gradient, with emphasis on the differences or lack of differences seen across the gradient and hypothesizing that some types of disturbances will be more varying across the gradient than other types. By measuring air and soil temperature, precipitation, and soil moisture along an elevational gradient in northeastern Puerto Rico, in the open, and under the canopy, abiotic markers were measured that will be useful for translating ecosystem response to microclimate change, including forest changes seen in biotic and remote sensing data. The short-term trends and the effects of each event on the abiotic data were calculated along the elevational gradient at 22 sites. This study is the first synthesis of what will become a long-term record that serves to interpret tropical ecosystem microclimate responses to climatic changes.



The climate changes analyzed are relatively short-term. However, this is an area of ongoing data collection. Elevational gradient climate changes have been studied on records of 18–100 years around the globe; the data collected here are now becoming a long enough record to add more tropical data to the conglomeration [30]. Any mathematical trend line in the data were calculated over 2–3 periods to underscore the instability of short-term trend calculations in comparison to long-term calculations. It is important to identify the nature of the gradual changes to properly analyze the hurricane and drought changes that are happening on top of the gradual changes, while recognizing that longer-term climatic changes may present differently moving into the future. Results from this study highlight the possibility of differing patterns of microclimate change across elevation gradients in tropical ecosystems, meaning different aspects of climate change pressure in high, low, and mid-range elevational areas.




2. Materials and Methods


2.1. Study Area


The main island of Puerto Rico is approximately 8900 km2 with a thin strip of coastal plains, 8–16 km wide, surrounding steep igneous upland. In the northeastern part of the island are the Luquillo Mountains which dominate the geomorphology. Elevational gradient analysis within northeast Puerto Rico, down from the high point (1077 m) of the Luquillo Mountains peaks to the coast and inland to San Juan, and shows microclimate and soil influence with different vegetation types [31,32,33]. Temperature and precipitation are dominated by orographic influences and thus have approximately monotonic relationships with elevation across the gradient [34]. In the forest, productivity also varies strongly with elevation-dependent solar isolation, in comparison to other abiotic influences [8]. The vegetation in the upper reaches of the Luquillo Mountains is in a cloud forest (above 750 m [35]).



The weather in northeastern Puerto Rico is dominated by the easterly trade winds, like much of the Caribbean [36,37]. Annual trade winds are driven by an interplay of the North Atlantic Subtropical High (NASH) and the Inter-Tropical Convergence Zone (ITCZ) position [38], creating a cooler winter dry season and two wet seasons separated by a mid-summer drought [39].



The 22 observation sites for this study were selected to be along an elevation gradient from sea level to the top of the Luquillo Mountains (see Figure 1 and Table 1). They are spatially inclusive of the entire northeastern area and thus represent the different Holdridge Life Zones in northeastern Puerto Rico, and the further divisions from soil and atmospheric properties [40,41]. These are the subtropical dry, subtropical moist, subtropical wet, subtropical lower montane, subtropical lower montane rain, and subtropical rain forest life zones [24]. Vegetation varies from mangroves and riparian forests, lowland semi-evergreen and deciduous dry and moist forests, and wetter upland evergreen and palm forests. The upland forests have trees ranging from as tall as 30 m (tabonuco), to 15 m (colorado), to 6 m (elfin) [24]. The sites also represent the three mesoclimates distinguished in the area: the urban heat island around San Juan, the Luquillo Mountains, and the area to the southeast of the mountains [42]. Almost all of these sites were analyzed for short-term temperature and precipitation trends away from canopy vegetation (open air) from August 2001 to July 2013, in a previous study [34].




2.2. Methods


This study builds on the methods developed in a previous study [34], using seasonal non-parametric trend tests on temperature and precipitation in open areas along the elevational gradient, and extends the methods to analyze new data types of temperature and moisture beneath the canopy. Trends were analyzed for the period before the drought, before the 2017 hurricanes, and the data in the open were also analyzed for the entire period of record. The four periods of data were used to aid in analyzing the hurricane and drought climatic changes but also highlight the different trends that can be observed when looking at only short-term climate records. The trends and median seasonal cycle before the drought were used to define a peak effect from the drought in the soil variables and the precipitation, as well as the length of time the drought affected each variable. Similarly, the trends and median seasonal cycle before the hurricanes were used to define a peak effect from the hurricane disturbance in each variable observed under the canopy, as well as a length of time the hurricanes affected each variable (hurricane recovery).



Temperature data beneath the canopy (air and soil) were collected over the 22 sites from August 2006 through September 2021. Temperature data, as well as precipitation data in the open were collected for 20 of these sites starting in August 2001. Soil moisture data were only collected at 4 of the sites, starting later in April 2009. The trend, peak effects, and effect lengths at each site were analyzed for a linear relationship with elevation for each variable using linear regression. All statistical tests were performed at the 0.10 level of significance (90% level of confidence bounds), to agree with the previous study on these data [34].



2.2.1. Data Collection


All temperature data underneath the canopy, as well as in the open were collected at each site by Thermochron iButtons recording at 30 min intervals, in the air or in the soil (only under the canopy). Daily median, daily minimum, and daily maximum values were derived from the 30 min data. A daily value was considered missing if a quarter or more of the 30 min data were missing (sequentially) on that day (Table 1). The percentage of missing 30 min observations gave a measure of the accuracy of calculated daily temperature statistics (i.e., daily median, maximum, and minimum).
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Table 1. Summary of Type and Completeness of Daily Value Data Collected at each Site.






Table 1. Summary of Type and Completeness of Daily Value Data Collected at each Site.





	
Elev (m)

	
Map ID

	
Site Name

	
Vegetation a

	
Open Air Temp

DV b %

Missing c,d

	
Air Temp

DV b %

Missing c,d

	
Soil Temp

DV b %

Missing c,d

	
Precip DV b

from Obs with

Interval ≥ 3 wks d

	
Soil Moist

DV b %

Missing c,d






	
0

	
6

	
Palmas del Mar

	
freshw riparian

	
20

	
24

	
21

	
10

	
-




	
2

	
7

	
Sabana Seca

	
mangrove

	
19

	
33

	
41

	
17

	
-




	
freshw riparian

	
34

	
44

	
-




	
2

	
5

	
Humacao

	
freshw riparian

	
12

	
54

	
59

	
11

	
-




	
4

	
21

	
Ceiba Wet

	
mangrove

	
-

	
20

	
28

	
-

	
-




	
4

	
2

	
Las Cabezas Wet

	
mangrove

	
14

	
21

	
25

	
18

	
-




	
11

	
3

	
Ceiba Dry North

	
semi-evg dry

	
16

	
11

	
17

	
15

	
26




	
12

	
4

	
Ceiba Dry South

	
semi-evg dry

	
14

	
19

	
21

	
14

	
-




	
13

	
8

	
Ford

	
semi-evg moist

	
15

	
21

	
23

	
13

	
-




	
34

	
10

	
Jardin Botánico

	
semi-evg moist

	
12

	
23

	
19

	
11

	
-




	
35

	
1

	
Las Cabezas Dry

	
semi-evg dry

	
12

	
31

	
21

	
19

	
-




	
95

	
9

	
Saint Just

	
semi-evg moist

	
18

	
21

	
24

	
20

	
-




	
265

	
11

	
Sabana 4/Bisley

	
tabonuco evg

	
12

	
20

	
24

	
20

	
-




	
401

	
12

	
El Verde

	
tabonuco evg

	
12

	
17

	
27

	
12

	
28




	
520

	
13

	
Rio Grande

	
tabonuco evg

	
13

	
18

	
26

	
10

	
-




	
644

	
14

	
UPR Nido

	
palm brake

	
13

	
18

	
17

	
32

	
-




	
765

	
16

	
Pico del Este Lower

	
colorado evg

	
15

	
19

	
18

	
16

	
-




	
784

	
17

	
El Toro

	
colorado evg

	
13

	
18

	
23

	
11

	
27




	
801

	
16

	
16

	
-




	
843

	
22

	
Pico del Este Mid

	
palm brake

	
-

	
17

	
24

	
-

	
-




	
912

	
15

	
Mount Britton

	
palm brake

	
20

	
23

	
23

	
15

	
-




	
991

	
19

	
Pico del Oeste

	
cloud elfin

	
14

	
16

	
14

	
23

	
-




	
996

	
18

	
Pico del Este Upper

	
cloud elfin

	
14

	
18

	
18

	
15

	
-




	
1045

	
20

	
El Yunque

	
cloud elfin

	
15

	
23

	
19

	
18

	
37








a Vegetation abbreviation of freshw is freshwater, evg is evergreen. b DV = Daily Values, derived mean-daily in case of precipitation, derived daily in case of temperature. c A daily value is considered missing if a quarter or more of the 30 min observations is missing sequentially in that day in the period August 2006–September 2021. d A dash (-) signifies no data were collected, and the site was not used in the analysis.











Precipitation data were collected in the open (not under canopy cover) at each site with a rain gage. The gages were observed every 2–3 weeks. The mean-daily precipitation was determined between observations, resulting in two to three mean-daily estimates per month. See study [43] for more information about the gage design. If a gage had an operational failure, the mean-daily values were considered missing. Rainfall events in northeastern Puerto Rico are generally small in magnitude but numerous (median daily rainfall of 3 mm and 267 rain days per year; [44]). Thus, assuming every day contributes to the total rain observed during an observation interval is not an extreme assumption. Data derived from observation intervals of over 3 weeks were not considered accurate; the percentage of these data are listed in Table 1.



Soil moisture under the canopy was collected at a subset of four sites spread along the elevational gradient. Water content reflectometers (Campbell Scientific CS616) measured volumetric water content (VWC) data to 30 cm depth, recording every hour. Daily mean VWC values were derived from these data, with a daily value considered missing if more than a quarter of the data were missing in that day (Table 1). Ideally, this data would have been collected at more sites and be the same form as the open canopy data (all precipitation or all soil moisture). This study uses the limited soil moisture data despite these shortcomings as it is the only data available under the canopy, and it is spread evenly in the elevational gradient.



Data in this study were not bias corrected, instead, questionable data were omitted. In the previous study, the open air temperature sensors overheated and saturated above 38 °C; temperatures greater than this were censored to 38 °C [34]. Data had to be corrected to National Weather Service (NWS) Cooperative Observer Program (COOP) stations and statistics on the censored data were complex with the censored values. However, this issue was fixed December 2006, so the current study excludes the daily maximum before then which allowed the statistics to be straightforward.




2.2.2. Statistical Analysis


Daily data were separated into seasonal, or periodic, components of a cycle before trend analysis, to avoid data reduction methods such as trend analysis on cyclic averages of data (e.g., yearly averages of data). In the previous study [34], the cycle and the frequency of the periodic component was determined with power spectral densities [45,46,47,48,49]. Daily temperature data were shown to have a periodic component of 1 month in a yearly cycle. This is the same as saying the January microclimate one year is comparable to the January microclimate another year, but not to February microclimate another year. This 1 month periodic component was used with trend analysis of the 3 statistics of daily maximum, median, and minimum temperatures. Daily precipitation data were shown to have a periodic component of 1 month in a yearly cycle, but also a periodic component of 4 months in a yearly cycle. These 4 month periods were taken to be the approximate dry season of December–March, early rain season of April–July, and late rain season of August–November. In each 4 month season or periodic component of each yearly cycle, the minimum rainfall month and maximum rainfall month was used for trend analysis of the wettest and driest months. Individual days of months were not analyzed, instead, the wettest (or driest) month in each period of 4 months was included in the analysis, for 3 periods of data a year in the trend analysis. For more explanation, see study [34]; for a visual representation of the data, see the figures in the results of this study. The 1 month periodic component was used with trend analysis of the statistic called hereafter ‘all-months’ whereas the 4 month period component was used with the trend analysis of the 2 statistics called hereafter ‘wettest months’ and ‘driest months’. Seasonal trend analysis was performed on each of the 22 sites with the 5 data variables and 3 statistics (per variable) separately with the Seasonal Mann–Kendall (SMK) test and the Sen’s Slope Estimator [50,51,52,53] of linear trend for several data periods.



After site trend analysis, linear regression was performed for relations between site trend and site elevation across northeastern Puerto Rico, using the site values of significant Sen’s Slopes, or zero site slope if no significance was found, for the 3 longer periods of 8 years (before the droughts), 11 years (before the hurricane), and 20 years (entire record, only for observations in the open). The site values of the Sen’s Slope from the shorter period of 4 years (after the hurricanes, only for observations under the canopy), significant or not, were only used to define the site hurricane disturbance peak effect and the recovery time from the hurricanes.



The drought disturbance peak effect was estimated on each of the 22 sites with beneath-canopy soil moisture and maximum temperature and precipitation in the open where data were available. The drought statistics could only be reported for maximum daily temperature on soil, not every statistic on soil temperature, because the signal in median and minimum soil temperature was not strong enough to yield any results in the analysis. For each site, variable, and statistic, the fitted line of the significant Sen’s Slope and intercept before the drought, September 2014 (or 0 slope if not significant), was extended to the month before the hurricanes. Then, the median seasonal cycle of the pre-drought data was added to it with 90% confidence interval bounds. The maximum magnitude of the difference between the data and the trending median seasonal cycle between September 2014 and August 2016 was designated the drought peak effect. Comparing the drought season to the median seasonal cycle with 90% confidence interval bounds (and possible trend) is equivalent to using a non-parametric t-test to see if the drought season is significantly different than the non-drought seasons, at the 90% confidence level.



The length of the drought effect at each site on each variable and each statistic was calculated next. First, the 90% lower confidence bounds for a cycle (a year) of the trending median seasonal cycle pre-drought were calculated as an envelope for the expected “normal seasonal cycle.” Then, looking forward from the time of drought peak effect, if the post data were inside the envelope for a cycle (a year) of the trending median seasonal cycle, the closest periodic component to the time of that cycle was considered an end point of the drought. The same procedure was followed for the start of the drought, looking backwards in time from the peak of the drought. For the soil temperature, the envelope used the 90% upper confidence bounds as the drought increased temperature. The Standardized Precipitation–Evapotranspiration Index (SPEI [54]) was also calculated on every month of the open-canopy data at each site for comparison to commonly presented drought indices. The SPEI has been used in the entirety of Puerto Rico in previous research, calculating evapotranspiration from extraterrestrial radiation and mean, maximum, and minimum temperatures [55]. The index is computed by subtracting evapotranspiration from precipitation, with values < 0 considered drought and <−2 severe drought [55].



The hurricane disturbance peak effect was estimated similarly on each of the 22 sites with beneath-canopy data; no open canopy data were used. For each set of data, the fitted line of the significant Sen’s Slope and intercept before the hurricanes (or 0 slope if not significant) was extended to the month after the hurricanes (November). Then, the fitted line of the Sen’s Slope and intercept after the hurricanes, significant or not, was used to calculate a November value after the hurricanes. The peak effect was estimated as the November linear-fit value after the hurricanes minus the November linear-fit value before the hurricanes.



The recovery time to pre-hurricane conditions after the disturbance at each site on each variable and each statistic was calculated next, like the drought length calculations. For all variables, the hurricane effect was an increase, so, the 90% upper confidence bounds on the trending median seasonal cycle pre-hurricane were used to create the expected “normal seasonal cycle” envelope. If the post-hurricane data were inside the envelope for a cycle (a year), the first periodic component of that cycle was considered the recovery point. If this point was not found a year before the end of the data (in 3 years), the intersection point of the trend line before the hurricanes and the trend line after the hurricanes was used as the recovery point. Values of unreasonably long (20 years or more) were excluded. This combination method was used to acknowledge that recovery is not expected to be linear, but an estimate (necessarily less accurate) longer than the current data record might be needed for some sites/variables.






3. Results


The temperature results are shown in Figure 2, Figure 3 and Figure 4 for the variables of open-canopy air temperature, under-canopy air temperature, and under-canopy soil temperature, respectively. Similarly, the precipitation and soil moisture results are visually shown in Figure 5 and Figure 6 for the variables of open-canopy precipitation and under-canopy soil moisture. The realization of the 4 month periodic component of ‘wettest months’ and ‘driest months’ can be seen in the (b) plots, where each 4 month wettest or driest month is included in those time series.



The figures serve as a visual representation of the results of this study. The (a) plots of each of these figures show the average value of each site over the period of record, and the linear regression result. The distribution of the site elevations can be seen in these plots. The (b) plots of each of these figures show the average value of the monthly data and the results of the various calculations over the period of record for all the sites. The region-wide time trend regression lines (with specific equation values is given in Table 2 and Table 3) are plotted until 2023, using the average site elevation as listed in the plot title. The hurricane and drought peak effect results are not specifically labeled in the figures but can be seen in the low precipitation and soil moisture values in 2015 and the data jump in September 2017, respectively. The effect length results of each event are plotted in Figure 3, Figure 4, Figure 5 and Figure 6; no event effects were calculated for air temperatures in the open as the signal in the air temperatures was not strong enough to yield any results in the analysis.



Note, since in the (b) plots of the figures (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6) the sites’ monthly values are averaged for each month of the time series, and some months may have fewer sites with data, the visual representations of the time series have noise (e.g., winter 2021 in Figure 2). The region-wide trend lines are not calculated using average monthly data, but instead by using the sites’ trends and then plotted at the average site elevation (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6; Table 2 and Table 3). The Sen’s Slope calculation at each site considers missing data in a statistical manner.



3.1. Temperature Results


The specific equations for all region-wide temperature regressions with elevation are given in Table 2. Among the statistics (daily maximum, median, and minimum), the maximum temperature showed the most difference in the magnitude between the variables (open-canopy air, under-canopy air, and under-canopy soil; Table 2, row 1). Using the data from before the hurricane, median and minimum air temperatures were increasing 1.5 as fast per year under the canopy versus in the open, and median and minimum temperatures in the soil under the canopy were increasing 2.2 times as fast as air temperature in the open (+0.08 °C/yr versus +0.05 °C/yr and +0.11 °C/yr versus +0.05 °C/yr, respectively; Table 2, row 3 open columns versus canopy columns). These changes were uniform across the elevational gradient except for maximum temperature. Maximum temperatures were increasing similarly at high elevations in the open air and under the canopy (soil and air), but at low elevation, the maximum temperature was only increasing in the air under the canopy.



The peak effect of the hurricanes on under-canopy air temperature was the same as under-canopy soil temperature at the top of the mountains, but air maximum and minimum temperatures were twice as high at sea level while soil temperatures stayed constant (+3, +0.7, +0.4 °C for maximum, median, minimum at 1000 m; Table 2, row 7). The percentage increase in maximum air temperature with the hurricanes went down with elevation, but since temperature decreases with elevation, the percentage increase in maximum soil temperature went up (21% at 0 m to 16% at 1000 m, and 11% at 0 m to 15% at 1000 m, respectively; Table 2, row 7 divided by row 1).



Comparing Figure 3b and Figure 4b after the 2017 hurricanes, the average peak effect on maximum air temperature was larger and lasted longer than with soil temperature, but the median and minimum soil temperatures were raised for a longer time in soil temperatures than the air temperatures. Post-hurricane return to baseline was longest for daily maximum temperatures followed by median and then minimum temperatures (>3 years and <1 year, respectively; Table 2, row 8). Soil recovery took longer at higher elevation. Hurricane recovery lengths for the three soil temperature statistics (daily maximum, median, and minimum) were more homogeneous than the lengths of the three air temperature statistics.





[image: Forests 14 00325 g002 550] 





Figure 2. Average of the statistical calculations on the open-canopy air temperature for daily maximum, median, and minimum. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (each 1 month) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (373 m). The colors signify the same variable across the plots. Only the longest trend calculated is shown, from the entire record. 






Figure 2. Average of the statistical calculations on the open-canopy air temperature for daily maximum, median, and minimum. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (each 1 month) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (373 m). The colors signify the same variable across the plots. Only the longest trend calculated is shown, from the entire record.
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Figure 3. Average of the statistical calculations on the under-canopy air temperature for daily maximum, median, and minimum. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (each 1 month) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (386 m). The colors signify the same variable across the plots. Only the longest trend calculated is shown, from the pre-hurricane data. The estimated event-affected (hurricane) periods are shown in thick bars on the bottom of plot with the gray part of the bars as the 90% confidence intervals around the end points. 
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Figure 4. Average of the statistical calculations on the under-canopy soil temperature for daily maximum, median, and minimum. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (each 1 month or 4 months) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (386 m). The colors signify the same variable across the plots. Only the longest trend calculated is shown, from the pre-hurricane data. The estimated event-affected (drought then hurricane) periods are shown in thick bars on the bottom of plot with the gray part of the bars as the 90% confidence intervals around the end points. 






Figure 4. Average of the statistical calculations on the under-canopy soil temperature for daily maximum, median, and minimum. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (each 1 month or 4 months) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (386 m). The colors signify the same variable across the plots. Only the longest trend calculated is shown, from the pre-hurricane data. The estimated event-affected (drought then hurricane) periods are shown in thick bars on the bottom of plot with the gray part of the bars as the 90% confidence intervals around the end points.
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Table 2. Region-Wide Linear Least Squares Relationships of Temperature with Elevation (x, in km).
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	Type of Statistic a
	Open Air Temp Daily Max
	Canopy Air Temp Daily Max
	Canopy Soil Temp Daily Max
	Open Air Temp Daily Median
	Canopy Air Temp Daily Median
	Canopy Soil Temp Daily Median
	Open Air Temp Daily Min
	Canopy Air Temp Daily Min
	Canopy Soil Temp Daily Min





	Annual averages (°C)
	−9.83x + 33.39
	−9.15x + 28.88
	−8.15x + 27.19
	−6.45x + 25.07
	−6.21x + 24.33
	−6.29x + 24.68
	−5.12x + 22.59
	−5.18x + 22.41
	−5.84x + 23.69



	Trend b before drought (°C/yr)
	−0.12
	0.05
	−0.02
	0.03
	0.06
	0.07
	0.03
	0.07
	0.09



	Trend b before hurricanes (°C/yr)
	−0.01
	0.10
	0.10x + 0.00
	0.05
	0.08
	0.10
	0.05
	0.08
	0.12



	Trend b whole record (°C/yr)
	0.13x + 0.02
	
	
	0.03
	
	
	0.03
	
	



	Drought peak effect (°C)
	
	
	−2.31x + 4.40
	
	
	
	
	
	



	Drought effect length (yr)
	
	
	1.64
	
	
	
	
	
	



	Hurricane peak effect (°C)
	
	−2.97x + 6.08
	2.91
	
	0.77
	0.69
	
	−0.56x + 0.84
	0.43



	Hurricane effect length (yr)
	
	4.73
	3.90x + 3.20
	
	0.42
	1.70
	
	0.18
	0.71







a Linear least-squares regression between this statistic at each site and elevation. If the regression line has only a significant intercept, then the mean is reported, else the regression line equation is reported with variable x as the elevation of the site is in km (0–1.045). b Trend is from Sen’s Slopes.












3.2. Precipitation and Soil Moisture Results


Table 3 gives the specific equations for all region-wide precipitation and soil moisture regressions with elevation. Direct comparison is difficult with open-canopy and under-canopy data, as the first were measured as precipitation and the second were measured as VWC. There were little to no time trends in the longest records (Table 3, row 3, 4). A break in data collection can be seen in the precipitation data in Figure 5 during 2020; this was due to global pandemic data collection complications and not an ecosystem event.



The drought effect on the precipitation in the open was calculated, but hurricane effects could not be calculated since the sites are not under canopy and hurricanes do not change rainfall amounts on the monthly timescale. The magnitude of the peak drought effect was a 1.75 to 3.5 times larger absolute precipitation decrease at 1000 m versus sea level, but because of the increasing precipitation with elevation, the percentage lost was about −70% of the total uniformly across the gradient (regardless of month column; Table 3, row 7 divided by row 1). The length of the drought effect on the precipitation in the open was similar to the length of the drought effect on the soil moisture, given the small number of collection sites for soil moisture (around 2 years; Table 3, row 5). The wettest months were affected by the drought about 6 months later than the driest months. The timing of the drought effect on the soil temperature (Figure 4b) lines up with the effect on the precipitation wettest months.



The SPEI at over the region shows that the region was only considered to be in a drought March 2015 until September 2015 (black line SPEI < 0; Figure 5c), mirroring the shape of the time series of daily precipitation in Figure 5b. Lower than average elevation sites showed a longer official drought (green lines; Figure 5c). Although the SPEI calculation considers temperature data, an analysis of the drought effect using the SPEI using the 90% confidence envelope on the trending median seasonal cycle does not lead to different results on site drought peak effect or length, because the shape of the SPEI and the precipitation curves are very similar. However, the SPEI calculation can be used to show that many of the sites would not have been considered to be in a drought (SPEI > 0), even though the drought is still affecting the precipitation statistics.



Bearing in mind the calculation reliability with only 4 sites for under-canopy soil moisture (but spread across the gradient), the drought peak effect was, of similar magnitude and in opposite direction to the hurricane peak effect on all months and driest months at low elevation with effects lasting more than twice as long as the hurricane effects (a drought decrease of ~0.2 VWC or half of the average VWC; Table 3, comparing rows 5, 7 to row 1). The drought effect length over the region estimate is around 2 years and the hurricane effect around 1 year with large 90% confidence bounds (horizontal bars; Figure 6b). For the driest months, it is possible that the drought effect on the soil moisture lasted longer at higher elevation; the elevational slope was significant (Table 3, row 6). For wettest months, the magnitude of the drought peak effect percentage of the average soil VWC was estimated to be larger than the hurricane peak effect but both effects decrease to zero with elevation (at sea level −70% versus +30%; Table 3, rows 5 and 7 divided by row 1). The drought calculations showed no effect above 700 m.
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Figure 5. Average of the statistical calculations on the open-canopy precipitation for wettest months, all months, and driest months. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (“all months” have period 1 month and “wettest” and “driest” have period 4 months) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (373 m). The colors signify the same variable across the plots (a,b). Only the longest trend calculated is shown, from the entire record. The estimated event-affected (drought) periods are shown in thick bars on the bottom of plot with the gray part of the bars as the 90% confidence intervals around the end points. Plot (c) shows the 1 month Standardized Precipitation–Evapotranspiration Index (SPEI) calculated at each site (colored lines) and the average of these sites (black line). 
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Figure 6. Average of the statistical calculations on the under-canopy soil moisture for wettest months, all months, and driest months. Plot (a) shows the site period of record average values as points with the trend lines of magnitude with elevation. Plot (b) shows the periodic component timeseries (“all months” have period 1-month and “wettest” and “driest” have period 4-months) averaged over the sites as thick lines, with thin dashed trend lines of magnitude with time at the average site elevation (576 m). The colors signify the same variable across the plots. Only the longest trend calculated is shown, from the pre-hurricane data. The estimated event-affected (drought then hurricane) periods are shown in thick bars on the bottom of plot with the gray part of the bars as the 90% confidence intervals around the end points. 
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Table 3. Region-Wide Linear Least Squares Relationships of Precipitation and Soil Moisture with Elevation (x, in km).
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	Type of Statistic a
	Open Precip Wettest Months
	Canopy Soil Moist Wettest Months
	Open Precip All Months
	Canopy Soil Moist All Months
	Open Precip Driest Months
	Canopy Soil Moist Driest Months





	Annual averages (water b)
	8.62x + 7.41
	0.50
	7.27x + 4.86
	0.45
	6.16x + 2.58
	0.40



	Trend c before drought (water b/yr)
	0.00
	0.01
	0.06
	0.00
	0.00
	0.01



	Trend c before hurricanes (water b/yr)
	−0.01
	0.00
	−0.01
	0.00
	−0.01
	0.00



	Trend c whole record (water b/yr)
	−0.04
	
	0.00
	
	0.00
	



	Drought peak effect (water b)
	−4.53x − 6.14
	0.24x − 0.35
	−5.82x − 5.84
	−0.22
	−4.53x − 1.82
	−0.16



	Drought effect length (yr)
	1.78
	2.47
	3.45
	3.25
	2.15
	0.56x + 1.84



	Hurricane peak effect (water b)
	
	−0.14x + 0.15
	
	−0.18x + 0.21
	
	0.16



	Hurricane effect length (yr)
	
	0.33
	
	3.89
	
	1.33







a Linear least-squares regression between this statistic at each site and elevation. If the regression line has only a significant intercept, then the mean is reported, else the regression line equation is reported with variable x as the elevation of the site in km (0–1.045). b Units of ‘water’ are defined as mm/day for columns 1, 3, 5 and VWC/day for columns 2, 4, 6. c Trend is from Sen’s Slopes.













4. Discussion


Differences between the current results and the previous study on the same elevational gradient (as well as the difference when looking across the trends on shorter periods; Table 1, 2, rows 2–4) highlight the difficulties of looking for trends in 10–20 years of data in a climate with many interannual drivers. Notable differences were that the previous study [34] found a large negative trend in open-canopy daily maximum air temperature (−0.2 to −0.3 °C/yr) from 2001–2013 uniformly across the gradient, in comparison to this study which found the opposite with smaller positive trends in the open-canopy daily maximum air temperature (+0.13 °C/yr/km, Table 2). The previous study [34] also found positive trends in the open-canopy precipitation in all months and dry months with an elevational difference, calculating with trends of ~0.1 mm/yr at sea-level and 0.3 mm/yr at the tops of the mountains (1000 m altitude) in the driest months and similar trends but a more muted elevational difference in all months. Looking at Figure 5b, while the drought of 2015 is in obvious disagreement to superimposing an increasing trend on these data, it also appears that any rise in precipitation stops in year 2012.



In the current study, hurricane and drought climatic changes had many more elevational differences than 15–20 year climatic changes especially in event peak effect magnitude, suggesting that any increase in large drought and hurricane events would greatly alter the ecosystem distribution along the elevational gradient. In general, temperature changes were larger at higher elevation and precipitation and soil moisture changes were larger at lower elevation (in both cases, if there was an elevational pattern). Among the variables measured, the most substantial elevational differences were seen in maximum temperatures in the soil where at higher elevations soil temperatures were: (1) trending upwards faster; (2) hurricane-induced increases lasted longer, and (3) hurricane-induced increases were a higher percentage of the average maximum soil temperature. These results mean these climatic changes are causing high elevation temperatures to move closer to low elevation temperature, warming and narrowing the range of the microclimatic distribution. In contrast, the entire elevational gradient lost 70% of the precipitation in the severe drought in all months, and the soil moisture measurements reflected this uniformly across the gradient, except in the wettest months. At the high elevation in the wettest months the effect was almost zero. There was also almost no effect at high elevation on soil moisture after the hurricanes in the wettest months. Thus, during the wetter months, the high elevation forest structure may be able to buffer the microclimate from climatic moisture disturbances better than the lower elevation forest structure. However, more sites should be analyzed to add validity to this result.



The climate warming from 2006–2017 (11 years) increased the median air and soil temperatures under the canopy more than the peak effect of the 2017 hurricanes; however, potentially there will be no recovery from this kind of change. In this study, high elevation hurricane temperature effects lasted longer than at low elevation; high elevation forests are hypothesized to have canopies stunted by wind disturbance and vulnerable to storm-induced nutrient loss [11]. This is in agreement with satellite “greenness” measurements showing slow recovering high elevation forests [25]. Longer-lasting hurricane effects on top of a more gradual temperature increase have been evidenced to create reduction in ecosystem fertility and lowered long-term resilience [56]. Warming soils at high elevation may release sequestered carbon [21]. Furthermore, high elevation forests depend on moisture from low clouds that may be rising with increasing temperature [35].



Yet, arguments could be made that the results of this study imply ecosystems at mid or low elevations have had to respond and adapt to more climatic changes than high elevation ecosystems in northeastern Puerto Rico. With the elevational slope of the magnitudes of many of the microclimatic changes opposing each other, mid-range elevations have seen the most changes. Additionally, the effects of drought (found here to be increasing as the elevation decreases with similar time length at all elevations) may affect critical functionality of ecosystems more than hurricanes [10,57]. There is evidence to suggest that certain plant species have pre-existed drought tolerance and that community composition changes in response to previous disturbance events [9,58]. In other tropical elevational gradients around the world, higher elevations that get warmer and drier are being repopulated with plants from lower elevations [59]. However, the lowest elevations may be moving into a new regime not previously experienced in the forest. Observational data suggest that trees within the Luquillo mountains are already operating above their optimum temperature for photosynthesis [60].




5. Conclusions


Differing microclimatic change patterns with elevation indicate that ecosystem stresses vary across tropical elevational gradients. Although there are ecosystems with signs of the effects of long-term climatic changes in Puerto Rico, these are still small (average increase <0.1 °C/yr and decrease <0.01 mm/yr). Hurricane and drought climatic changes and recovery from these events continue to drive the ecosystems to change in a step-like manner. Ongoing monitoring of temperature and moisture changes is needed to provide basis for forest biotic observations. It cannot be over-emphasized that continuing abiotic data collection along an elevational gradient will be necessary to build a temporally detailed record that can interpret microclimate ecosystem responses to climatic changes in temperature and moisture. This response measures the ability and the manner in which the tropical forest buffers its ecosystems from the long-term and short-term climatic changes. This abiotic data will place in context biotic changes reflecting the health of tropical forests.
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Figure 1. Map of all locations of data collection. This figure is modified from a previous study [34] to add two new sites. The map includes the National Weather Service Cooperative Observer Program (COOP) stations that collect long-term weather data in the area. 
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