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ABBTRACT:

Historical evidence and oral dccounts seem to indicate
that there has been a significant reduction in the flow of
Wany rivers in Puerto Rico. Beveral possible causes for
this phenomenom have beean mentioned, including the well
documented, slight, but gignificant decrease in the average
rainfall since the 1930's, the diversion of tlow for
irrtgation and human water censumpticn, and the changes in
land use that have taken place in the island.

After an analysis of part of the existing histoerical
evidence, which ts found ta be inconclusive, this paper
undertakes a statistigal study of available data for certain
Livers in Puerte Rico. .The hypotheses of the decrease in
rainfall and in river volume of f}ow sre tested, as well as
the pessihble ¢ffect of land use changes in the bagin upan
the river's flow.

The statistical analyses suggest that, within the
period and basins studied, a dec¢reasing preciplitation may
have cancelled an Increasing proportiog cf run-cff! resulting

from land use changes to avoid significzant vaciations in

volumes of f{1low
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BFART 1.

QUALITATIVE ANALYSIS OF HISTORICAL IMFORMATION

PRE-HIBTORIC PERIGCD:
There is no archaeological evidence of significant
changes in jand use during tha period when the island was

inhabited by Indians.

1508 TO 1870:
The relevant data that exists from this period is:

* accounts left by several chronicless who
travelled through the island and described both
the rivers and the land usas ¢} ,7, t3, 14, 157

*_periodic 2conomic reports of the
agricultural production and the dagree of
urbanization in the different jurisdictions

* industrial archaeology rtemains evidencing
land uses and pavigation inm certain river basins
(22>

* descriptions of individual farms, including
their equfpment, main produ;ts and the acreage put
into each crop found in title deads and laegal
records

* descriptions, drawings and surveys of
certain individual! farms which adquired water
rights from the Spanish Crown, found in the Pusarto

Ric¢o Archives and the Spanish Atrchives
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* descriptions and foundation dates of sugat
haciendas and “central” mills <2, 8, 12
OBJECTIVE .
Compare the chronicler-reported sizes of the rivers

with their present state,

DATA USED:
Accounts of the chroniclers
Personal observation of the rivers
Synthesis of land use c¢hanges through the pariod
Personal knoewledge of industrial archasoliogy and

engineering history evidence of river navigation

PROCEDURE :

There i5 ne quantitative infermation of water flow
during this period (measurement methods had not been
developed yet);, therefore, the sizes of the rivers were
taken gqualitatively from the historioal accounts of the
¢hroniclers. Since this data was o0 imprecise, it was
considered 1ncongrueﬁt to go tnto detatls of land use, so
this was also treated in the same broad, descriptive manner
a5 had been the sizes of the rivers by the sources_- Table 1
was prepared using the accounts of the period. it presents
the general word patterns ugsaed by 2ach chroniclar to

desoribe spaecific rivers which are mantioned by more than

onie of them but were not used for compariswn.wilh today
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because they now have large danms.

Each chreonicler may have perceived the same river in a
different manner, depanding on his background, objiectiva,
cutlook and season of observation. This cross-tabuiation

permits us to deal! in a systematic way with the personal
bias of each of them, as wel!l as with the seasonal
differences in their visits. {See Note 1

With this background, Table 1] presents f{or comparison
the descriptions By the chroniclers of the selected rivers,
along with a judgement by the auther of how the appedarance
of thae river compares to the concensus of the accounts.
This has been domne taking into account the perspective of
the times: the chroniclers travelied in cokrstal vessels and

they penetrated into the rivers through thetr mouths.

RIVER SELECT!ON CRITERIA:
The criteria used for selecting the rivers to ba
compared through time in this part were:
*Those mentioned in at feast two accounts
*Lecation in diffarent regiong, all with milder

dry seasons

*Basins which suffered significant land use
changes during the period

*Absence of major dams today

LAND USE CHANGES ON THE BASINS

{Fer more detailed descriptions, see Appendinx 1)
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The land use petterns on the basins selected for
comparigon, all of which are humid, were stmilat up to the
sarly 20th Century, except for the fact that there wasg ne
significant cultivation of tobaceo on the Culebrinas basin,
and that some changes took place aarlier in certain basins
than in others. The Bayamon basin was developed befora any
of the others, followed By Culebrinas and Manati, then
Cibyco, Humacao and Guay;nes. Nonie of the basing belongs to
A strong coffee region. (Loffes cultivation, after initjal
clearing of the land, offers permanent tree cover.) ..
Tobacce (a crop tequiring cleared land and much plowing) .
was found to some aextent on all excaept for Culebrinas; the
rest of the crops were similar 4cross the basins, even if in
¥arying proportions, {%¢e Note 2.7

The development pattern_up to the 1%th Century wus the
following: gradual deforestation for hardwoods and
firewocd, small-secaje agriculture and cattle pastures,
utsually starting from the Fiver banks and progressing
inland. In the 19th Century, first the lowlands were
ertensively converted into sugar plantations; then, in the
second half of that beriod, coffen beeame prevalent in the
staeper slopes, with some competition by tohacoce, all
tollowing the above time-table for the different baiins In
the early 1960'5s, f§ugar cane virtually monopolizad the
lowlands (flat land and low hills) while tobacco was

4

gradually displacing ccffae on the mountaing .

In recent times, since the decade of 1955-65., Bayamon
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has been invaded by urban sprawl, but the urban growth in
the tegt of the basins has been moderate, with Cibuce in the
lead. From all the others, coffee and tobacco have
virtually dissapeared from tha steeper slopes, displaced by
Fastures, minor crops, and some spontaneous deforestation.
B8ugar cane is now cultivated only on the flattar lands of
the Culebrinas and Guayanes basins, te s minor extent on
Humacao, and very little on Manati and Cibuce, none remains
on the Bayamon basin.

Culebrinas has seen the fawest land use changes‘in this

century.

CONCLUSIQONS

The histo?icgl evidence glven by the chroniclers in the
form of descriptions of rivars tneluded 1n Table 11,
compared to what can be obsarved today., seems to indicate,
But not conclusivelﬁ, that some rivers in Puertio Rico may
have decreased.in flow since the eatly 19th Century.

The weight of these judgements is Itmited by the fact
that they mainly concern the river mouth, which :is unstable
in form and thys chaﬁgenbl. in a faw y;ars‘ Its percaption
depends not cnly on sﬁbjectivity, but also on the tide and
on the season in which the observation was made and.thq

climate conditions which preceeded the visit,
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PART 11: QUANTITATIVE ANALYZ2IS

18620 TO 1210

Jur:ng this periogd, there was some mesasurement of Both
precipitation and flow, but the latter was limited te the
Pence regicn rivers, whose basins suffered significant
aquifer extraction, whiech had many dams for irrigation use
and which underwent few land use changes. Morecver, the
measurements were generally unreliable because thay weare
mestly executed by interested parties  for water rights
pefitions and litigations. Therefore, this period was not

used in the gquantitative analysis.

The period between these dates has much more
precipitation data, and the flow of thése :1vers'lh;t had
dam projects is well decumented. However, thefe was little
change in land use,; there was no maeasurement of evaporation

tates, nor of clty water extraction. This period was not

studied either .
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1935 TO THE 1%97¢'5

Considecable land use changes occurrad in this period

ot abundant climstological and flow data, during which there
was a drastic increase in urbanization and a decline in
sugar proeduction. Therefore, {his pericd was used for the

statisticai analysis

OBJECTIVES
Determine if during the part of the period for
which Lhere 18 complete data for eazh particular basin
selecled, there did ocour a statistically signiticant
teduction of the contributing precipitation and/or of
the volume of flow.

z, Determine wether ihe recent changes in land
use wilhfn the basins of the above rivers have had an

effect upon their volume of flow andior tun-off

ptoportion.

MODEL OF THE HYDROLOGCICAL SYSTEM

The hydrological system modellied Below by regr#ssion
procedures has bBeen simplified as shown in Figure 1. There
2re three "independent" wvariables: precipitation,
evapoeralion rate, and land use changes .

Frecipitation contributes to f!ow directly. Rainfall




-%a-

_shypothesized decline

PRECIPITATION EVAPORATION LAND
¥ RATE USE
3
ehumidify T CHANGES
. _ eplont
e Cloudiness intercep’tn
ewind - percol’tn
eslopes &
erosion
_ ewater
o PROPORTION OF e | table
ss0lid RUN-QOFF
saturation
ewater table
ecrigin of erun—oft
run -off contribution
~ to flow
¥
~ RIVER FLOW fe
esurface
water
extraction
Figure |:

Simp!ified Hydrological Mode!




| ——w v

Page 10

is correlated with evaporation rate because both sre
affrected by cloudiness, tamperatures and wind; in addition
it afiects evaporation directly by inereasing humidity. It
2lso affects the proportion of run-off (vs. proportions of
pPlant interception, evapotation and soil percolation} by
decreasing the jatter because 5! $0il saturation and by
taising the water table, which may azugment th§ output of
eprings

Land use changes affect the proportion of run-offt
because it ¢an bring absut changaess in plant interception,
subsurfaocoe water level, soil type and percolation, and
slopes. They affect flow directly through changes in tha
extraction rates of surface water for human consumption and
t.rigation,

in turn, propertien of run-cff affecte flow ﬁireatly by
modifying the amount of precipitation which actually turns
inte Tlow.

I't 15 hypothesized that time has been causing a2 decline
in rainfall in the Caribbesan area since the 1930's <3, 6.
Jf course, time is, by concept definition, an (mportant
component of land usé changes .

Im this woerk, we shall try to determine any effect tha
ook aan, > t.ve .4 n precipilation {ditect} and upon flow

taui: sct, thro'gh its effects upon precipitation and lans

use changes) We shall altsn try te determine any effects of

i*nd use c¢langes on proportion of run-off (direct) and on

I s (direct ang indiracty . Regression analygis permits us
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te control for certain effects and thus separate the effects

which

such

We wani t¢ me2sure, a feature that shall be neecded in

2 shudy . {S5ee Appendix 11, OVERVIEW OF REGRESSION

ANALYSIE

LATA

Precipitation: Datly precipitation averages for
consecutive months, measured for the US Waather Bureau
a* n2nae or nore stations distributed within the basin
and in o ste [mmediate viginity. 19>

Fvaporation: Daily evaporation averages Eor the
“ottre-ponding months, measured for the U3 Weathar
Bure u at a station located within its same
siimitolsgical regron, (19

Volume of Ilow: Average daiily flow of the basin's
a:m o rrver fovr the same menths z2s above, meassured
by £ B the US Gealeci~al Burvey or the Puerto Rico
Watar FEesoufces Authority tnow Fuerto Rico Eleectrian
Power Authority? a3t a station Jocated above any large
tesefvoirs which may be in the river. {21, 23, 28

Land Use: Acreage ocecupied by cone key land use at
ithiee .r i(our dates which 1ticlude the period for which
there 15 mrathly data for all of the above, compiled in
the Agraicoultural Census and subdivided according to
muntcipalities. JSouree: Fuertoe Rico Dept. of

Aagricultvre and Acricultural Census information

su;plied to the au:har by personal communication.)
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EXPERIMENTAL EBRGCEDVRE
Five river basins were selacted on the bases of

a) drrferent climatological regions:

Scuth (dry season). Jacaguas and Ceamo
Rivers
iN.:th (year-round humid) Guajataca,

Culebrinas and Loiza Rivers

B) occurrence of specific, significant land
use changes during the petiod for which thare is
data

¢) ¢ince there is no data on the vaolumes of
water extracted from the basin aquifers, those
rasing that have large numbers of wells were
aveidad .

Z In esach selected basin, the flow station was ¢chosen
en ithe bases o0f avajlability of data and the ineststence of
dny lerge reservoirs upstream.

3 The precipitation statioens located within the
flow-centributing part of the basin which have data fer the
tuli ~a2ried studied, plus any other similar adjacent ones
which may be more representative of certain sections of the
Basis thart the ones .bove, ware identifiad. One of the
wlogar avaporat:on stabtions, with a climate regime similar
to the ensa 5f the bBasin, was selacted

3. The contrcibution of the precipitation stations ta

the prediction of the volume of flow was datermined and a
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weightad average precipitation was

a single precipitation varilable in
mueiticollinazrity.

5 Feirescion Pal © 8 wr" -
net t. e weaxr.uted mon iy fleoew, ar

precipitation, decreasa:d with tii.oe

produced in order to have

the regressions and avold

to de'ecmine welilher or

=

he 'veighted iv:irage

during the period

i A
é The wcigage of the chosen land use w' ich
cuorrec -onds to each month of ths Leriocd studied was scaled
"+ assuminhg a linear behavior betw:en the dates for which
vl ooa
~aor every month in~7ucd- g inge July, {: ° t™e
LotwW W E Te ~d e . lling ary sttty e, ol Led
& - .ol by ife . el . Ricg. Agreduct an.” fe er iuthorit
A ¢ernusumptian. 718 The * is no such g8ita ‘our
L date .
it e the ivarlasble ev-n-ation data was i "nple.a
ar ? pry A el Vely Liw ¥ears, it ras wsed ¢ sarmpute an
average evapoeration rate for each month, which was then
spplied throughou: the perjod studied, turning its

sovres onding varioblie

Fer Lthe Jacaguas River,

correcte by substractinag

L

it the riwer by the Villalba pemnstaik,
another Lasin.

i0. Hegression analysis
o na2t the contribution of

the guantity of water

was used

the changes

irte a seasonal adjustment .

tuae monthly flow was

dischesrged

which originates at

te determine wether

in land uzse to the




weighted average precipitatic
4 single precipitation varial
multicollinemartty.

3. Regression analysis
not the measured monthly flov
precipitation, decreased wit!
studisd,

é The acreage of the ¢
corresponds to each monith of
bty assuming a [inear behavior
data is available.

7. For every month inc]
velume of flow was corrected
4% extracted by the Puerto Rt
for urban consump£ion. (18>
garlier dates.

8. Eince the available
and only spanned very few ves
Avaerage evaporation rate for
spplied throughout the period
sorresponding variable into a

9. For the Jacaguas Riv
corraoted by substraoting the
into the river by the Villailb
4ncther baszin.

10. Regression analysis

¢r not the contribution ot th

ige 13

¥ was produced in order to have

le in the regressions and avold

vas used to detsrmine wether or
¢f the weighted avarage

time during the period

iesan land use whioh
he period studied was scalad

between the dates for which

ided since July, 1966, the
y adding any quantity reperted
o Aqueduct and Sewer Authority

'here is no such data for

viporation data was inoomplaete
s,_it was used o compute an
ach month, which was then
studted, turning its

ssasonal adjustmant.

¥, the monthly flow was
gquantity of watar discharged

penstalk, which originates at

was used to determine wather

changes in land use to the
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variance of the corrected flow in each basin, after taking
out the effects of thae variations inlprecipitation and in
evaporatlian, was significant.

it Hegression was also used to determine if the
contribution ot land usa c?anges to the proportion of
run-off in each basin, :np%esented by 2 dimensioniess

flowiprecipitation ratio, Qas significant ocnce the atfects

of precipitation and gvaporation were controlled.

POSBBIBLE SQUP~FR Nr zor-n.
i. Measurement errors in the climatological, run—off
or land use data, (Regression is not drastically affected

by single outlters.)

& T "nrcvuracy in the conversion of the agricultural
data, which is organizea gy wERESIPpsliby g = ftagiwm
classification. This was done By means of ju. gements

provided by the agricultural experts who proiided the data.
{Bince this da{n was being used .as a proxy for the general
rate of change of land use, its exactness is not
comparatively so important éecause it is, by nature, already
4n approximation. ) .

3. Sampling errer from assuming that the
slimatological stations are rapresentative for a basin, and
from attributing tepresentativeness to gstations bordering
en, but not within, the basin. (This ies minimizad by
caleulating a weighted dverage pgrecipitation for use as a

determinant of flow.}
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q. The lag that takes piace betweenh an cccurrence of a
change in precipstation or a change in land use and their
effact on the river flow, end fotr a change in land use to be
completed and/or reco:zded. tThis will not impede the
detection of & genecal patiern hy means of regression if
there s fignif:cant ohonge distributed in a2 long record. )

) The z2ssumpt:on of lineartty in the shange of land
Use batween the year- for which data is available, combinad
with ths size of the time spens (5 to 20 years) between
those deorns ano the assump:ion that the land use seplected
has = r2te vwh:oh represznts the effactive rate of land use
chsngesz n ‘he Lasin. (A srcond pattern was tried as a

H

pravy ¢t land use change, & linear time vaciable.)

L The pessibility that at lesast some of the several
#imalianenues —“hanges in land use that actuaily took place
Nave n2ppost'e effects upon run-oft, and thus, that their
effects on :.ver flow cancelied aach other . (Five basinsg
were used, wiih different and with similar land use changes
amony them
7 The purely cyvelinal, average and sample charachter
“f the &svaporaticn figures used. <The'variati¢n'of this
varianls 365085 the years 15 probably not as wide as its
S¥Siiecal varyation

L The effecl of tre exiraction of subsurface water,
on whith there exi1sts no quantitative data, upon the w;ter
teble and sts powsible interaction with river f1ow. (The

basine ware seiected having this In mind, as mentioned
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above . )

g. The correction ot flow quantities by adding or
substracting upstream additions or extractions of water can
net he expected to be an accurate prediction of the amount
of the amount of flow that would have ocourred otherwise.
(The same correction system was applied to all monthly

tigures, in order to minimise any possible effuact on the

results )
11 Several years have been used for which no such
corrections as the above hid been made at all. (These years

wWere Irun oOn geparate regressions, and their results were
given lass weight than the ones above.)

Ot these sources of error, numbers %, 6 and 7 seem to

be the most serious. All three of them result from the
insutficiency of data on historical! land uses. {See Note
3.

DETAILED REGRESSION PROCEDURES: <1I, 14}

Variable List:

FLOW = daily average flow in millions of gallons
per day for each menth, corrected for the upstream
extraction or addition of water .

PREA, PREEB. PREC,.. = daily average preeipitition

in inches per day for each month in statioen A, B, C,..

US0T = expectad value of the area in acres
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aoecuniad by the selected land use during
EVAP = average daily evaporation 1in

month al the evapcecrzt.on station chosan

18F0 =« sequence number acssigned to
. startiag from 1403

PREWA = (PREA*W! + FREB*WI + . .1 /
' whete t“he "W's" are the weilights assigned

station'«w data

ERTIO = FulW / PREWA

FREWA and RATID hoave baen azdded in ordar

T

MINLITLUET Corr&

cRgreassion egva pons uowd to deterwine the significance of

the land uwze change. RATIG i3 a statistrcgal

—w

the menth

inches ftor

the month,

(Wi +W2 + .

to each

to have

Tatisn am:ng ths indapendent variables of

reflection of

thoe droloegy cinzcept of proportion of run-off, which is

use and the prevailing evaporation rates. RATIO

urpesed to bEe detormined, among other things,

by the land

and also the etfent of s0i] saturation during the rainy

season, which is refiected by a higher RATIO,

F‘ the simuitaneous seasonal variation of FLOW and of

Cajecularion of the Average Precipitation.

R

Ths faoallowing hierarchical regressions were run for

gach basin

FLOW with EVAP:<LY, precipiiation at statiens within

zentributing hasin {2, precipitation at

cutatde e¢f the centcibuting bagin (37,

—

statrons

includes

FREWA ,
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{Note: The numbers in brackets indicate thae order of

the hierarchical inclusjon in the regression operation.

S8ae Note 4.

The standardigted regression ccefficients chtained above
were used as the weights "Wt, W2,.." in the aquation

defining PREWA.

Effect of Time upon the Contributing Frecipitation Patterns

and upon the River Filow:

The following simple regresslions were run for each

basin:

PREWA with ISEQ

FLOW with ISEQ

1t -they showed significant coefficients, this would

indicate that tﬁ. right hand variable, a proxy for time, was
a good predic;or of the left hand variabls. That is, that
rainfall and/or river flow have bean changing with time
signiticantly during the period anclyzed. The sign should
be negative (if time were significanti it it is to agreas

with the general pattern ¢f rainfall established by the

Weather Bureawu,

Eftfect of Land Use Change upen the River Flow;

Land Use Variablas:

USOT refers to a single land use change that has been
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linearly interpolated between a scant two or three data
points, but abeut which there are some reasons to beliave
that it is either diagnostic of the general rate of land use
change, or th&t it constitutas the most lmportant change iﬁ
iteelf .

ISEQ was used as a proxy for any constant, linear rates
¢f land use changes which may have gcourred during the
period in the contributing bssip. The indirect effect of
time upon FLOW and RATIO should have bean taken care of by
the variations in precipitation; howaver, [SEG ' can also
tepresent changes in extrections of witer which are not
being vonsidered, construction activity, spontanecus
teforaestation, or any other run-off-affeocting changes that

have an appronimately linear varfation with time.

Regression Equations:

The following hierarchical regraessions ware run for

@ach basin:

(1) FLOW with PREWACL), EVAP(2>, USOT(3>
(2) FLOW with PREWAC1), EVAP(2), ISEG(3
and
(37 RATIO with EVAP(1)>, UBOT(2)>
(4) RATIO with EVAPC1>, ISEQ(2)

Regression (1) permits us teo test wather the inclusion
of USOT adds signiticance to tha eiplained variation in
flow, after the effacis of PREWA and EVAFP have been removaed.

Regression (2) does the same with ISEQ, the othser ' land usa
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change variable.

The other regressions do the same for the computed,
dependent vatiable RATIO. These regressione do0 away with
the significant correiation existing betwesenn PREWA and EVA?,
"independant" variables im (1) and (2), a condition which

reduces the reliability of this methodeology by vieclating an

important assumption.
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PART 111 BASIN ANALYSES AND HREGRESSION RESULTS

ibee Appendix 11, OVERVIEW OF REGRESSION AMNALYSIS, for

the meaning of the terminolegy used in the presentation of

resuilts )

RIO COAMO

BASIN ANALYSIS
Variables
FLOW: Volume of run-off entering Coame Dam,
1955-1969; corrected from July {946 onward by adding
the amount extfacted upstream for Coame's city water
EVAP: average evaporation cycle at the Aguirce
station, whioh beiongs to the same climatologicatl
region, although it is nof within the watershed.
UVEOT: acres of corn (3,171 in 1%4%; 747 in 195%¢%;
440 imn 1964, 14% in 1%70)
Comments
Hydrology: this watershed comprises a dry region which
comes down south of the island's main divide, drained by the
Coamo River and its tributary, the Cuyon. Thare is
relatively little extraction of subsurface waiter, compared

to other dry regions, because the lowlands have not been

planted with sugar cane.
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i.and Use Changes: The pringipal land uses in this
besin, which roughly corresponds tec the jurisdicltion of the
city of Coamo, have been pasture, coffae, corn, and miner
crops. The ¢hanges that have cocurred during the pariod
studiad have been: growth of the urbanized area; drastic
reduction of the cultivation of coffee at the highlands,
mostly at the expense of pastures 3nd miner crops; virtual
elimination of lowland commercial cornfields, with most of

thetr acreage going to pastures, pigeon pess ('"gandures'")

and urbanization.

Sample Size

£9 months (cases) altogether; 42 with corrtected flow

REGRESSION RESULTS
Station Conttrtibution Lo Flow
A test with the stations .of Cpamo and Aidbonito showed
the first to be a good predictor of FLOW, while the latter
seems to behave independently. This coincides with the fact
that Aibonitno, although clocse te the basin's headwatets,'
belongs to a different ciimatological region,

Therefore, for this basin:

PREWA = FRECOAMQ

Effect of Time

®*Regr Co-1i: PREWA with ISEQ (188 pcases)

B{ISEQ) = -D.D52Z; F = 0.477 ( 3.8¢%
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*Regr Con-2a: FLOW with ISEQ (138 cases)

BE{IBEQ:) = —-0.029; F o= 0.8746 <X 3.¥%!
*Regr Co-2hb. FLOW with I3EQ (4% casesi
B{TELG) = -0 077 F = 0.20% { 4.08

Although the negative sign in C£o-1 suppérts the
hypothesis that rzinfall has been declining in recent times,
the s 'gnificance achieved is very inconclusive. In the case
¢cf FLOW, both raw, measured flow (Co~2a}) and corrected f!low
fCe-2b) have T-statisties which discard any significant

effect of time upon stream fiow.

Land Usa as Prediotaor of FLOW (4% corrected fiow cases)
*Regr Ceo-3. FLOW with PREWA, EVAP, US0OT
R sq = 24 5%; D-W = 2 .03

tor UBOT: r sgq = 2.23%

14]
H

(=
e
wn
A

F o=t .47 ¢ 4 08B at 0.05
*Regr Co~9q; FLOW with PREWA, EVAP, ISEQ
R sg = 30%; D-W = 2.023
for I3EG I sgq = 2.3
B = -8.15%5
Fo=s 1. t7 ¢ 4.08 at 0.05
Due to the structure of the approximation used for the
ac¢res of corn in this basin, the effects of UBOT and ISEG as
proxies for land use changes are identical, except for the
signs, during the short period having corrected flow data.

The longer period with raw flows (not shown) was even lass
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conclusive. Although the signs are consistent with the
axpecrations, no effect of land use change on flow can be

inferred {rom this data

Land Use as Fredictor of RATIG (42 corrected flow cases)
*Regr Co-5. RATIO with EVAP, USOT
R sq = 10.4%,; D-W = § 2¢&
for USOT: r sg = & . 9%

E ~0.262

F

it

3.00 ¢ 4.08 at 5% sign
*Regr Co-é& RATID with EVAP, I5EQ

R sq = 10 4%, D-W = 1.24

fer IBEGQ: © 8q = &.%%

B 0.262

n

F 3.00 < 4.08 at 5% sign

As above, both land wuse change proxies show the same
regression effects. They expl}:n almost 7% of the ratio's
variance in the sample data, after controlling the effects
cf svaporation, but there is only about an 75% preoebability
that they dn represent a true tendenc} of run-off proportion
to diminish with the land use changes which prevailed during

the peri1od studied.

R1IO JACAGUAS

EASIN ANALYSIS.
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Variables

FLOW: Volume of run-off entering GCuayabal Dam,
1935-19%4%, corrected from July [(%é¢é onward by adding
the guanfity extracted for city water, and the
substracting the frans-basin quantity diverted to the
Rio Jacaguas by the Canal dae Aceitunas penstalk.

EVAP : average evaporation cycle at the Aguirre
Station, which belongs to the same climatological
region, but is outside of the basin.

UsaoT. acreg of corn (8938 in 194%, 181t in 19259, &%

fn LP44, 3% in 1270

Comments

Hydrolegy: This basin is drained by the rivers Jacaguas
and Tra Vaca, both of wh?ch enter Cuayabal Reservoir. It
is 3 semi-dry region, but there 1s comparatively little

extraction of water from below.the zurface.

Land Use Changes: The area drained corresponds roughly
te the jurisdiction of the town of Villalba. Thate has been
very little sugar cane in this regicn in recent times. The

pruvailing land uses at the beginnring of the pericd studied
were2 coffee and minor creops in the highlands; cgcorn ;nd
pasture in the lowlands. Today, there is much less coftfae,
and morfe pasture; corn has given way to pigeon peaz

‘"gandures™) bushes, 2nd pastureland has grown. There has

also been Some uvurban growth.
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Sample Size

i80 months, 42 with corrected flow

- REGRESSION RESULTS:

S5tation €fontribution to FLOW

The four wtations used are 2ll within the bagin and not
far from each other Their precipitations are thus very
highiy correlated, and a regression of FLDW with their
statistics vielded invalid rasults due to multicol!}nearity,
Because of the above, and since they are all within the
basin and contribunte direclily to FLOW, PREWA was defined as
their artthmetic mean:

FREWA = {(PREACEITUNAS + PRECAONILLAS + PREGCUAYABAL

+ PREVILLALEBA) / 4

Effect of Time
*Regr J-1: PREWA with ISEQ (180 cases)
BLISEG) = -0.895, F = 1.42 ¢ 3 89
*Megr J-2; FLOW with ISEQ (42 cases)
E(ISEG) = -0 0%%, F = 0.14; ¢{ 4.08
With the data used, it can net be established that
rain{- 11 is being affected By time, although the sién of the
inoconclusive relation is as ezpected.
In the case of FLOW, there is nothing to point at any
veriation other than randomness, again in spite of the

appartently cottrect sign.
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Land Use as Predictaoar of FLOW
ARagr J-3: FLOW with PREWA, EVAP, USOT
R 59 = 74 3%, D-W = 1 ¥3
for YSOT. r sq = 0.012%

B

L}

~.B11é

F

il

.018 << 4.08
*Ragtr J-4; FLOW with PREWA, EVAP, 15EQ
R s5q = 74.1%, D-W = 1.,%5%
for ISEQ: r sq = 0.02%
E = 0.014
F = .30 <{{ 4.08
Neither land use change variable has any value for the

determination of FLOW in this basin for the period studied.

Land Use as Predictor cof RATIO
*Regt J-9%. RATIOD with EVAP, USOT
R gq = 34.4%; b-w ='1.95
for USOT: £ sqg = 6.23%

[} -0 .23

3.82 ¢ 4.0B at 5% sign

lar ]
L]

®*Reqr J-6: RATIO with EVAP, ISEG
R 59 = 30. 3%; D-W = §{.73
for ISEG: r sqg = 0.2%
B = D.o44
F = 0.18% { 4.08 at 5% sign
in the case ot RAT!&, the Jand vyse proxy, ISEQ, has no

apparent nfluvence, but the avres-of-corn proxy, USOT, has 2
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signtficant eifect upen it. The results indicate a
srobablility of abpout %0% that the proportion of run-off has
increased with a variation which coerresponds to the

approximate decrease of corn acreage

RIO GIJAJATACA BASIN

BASIN ANALYSIS
Variables

FLOW: voluﬁa ef run-off entering the Guajataca
Dam, 1955 to 1949, there has been no gignificant
extractron of water upstream during the period above.

EVAF: average svaporation cyele at the Corozatl
station, which is in & similar climatological region,
put cutside of the basin.

uUsoT: acres of sugar cane (4,400 in 1%49%; 5,000

in 196%. 2.511 in 1%75)

Comments
hiydreoiogy: ™Lic¢ river drains the valley of Lares
thrw.gh s canyen running nerth through a karst region, where
the Doundacrias of the rast of its watershed are unknown.
This is a we! region, with no known significant extraction

sf subesurface water .

Land Use Changes: This watershed includes part of the

jutisdiction of Lares, and part of Han Sebastian's.
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Altogether, sugar cane was the pravailing land use during
the pertod studied, peaking around 1949 There has also

been a growth of the utbanized area.

Sample Size
180 menths, with noe correction required. All the

regressions used all] of the available cases.

REGRESSION RESULTS
Station Contribuwtion to FLOW
The twe stations uszed, Guajataca Dam and Lares, are
within the basin, but some distance apart and in different
qeological snd ecoleogical regions. The regression uged to
determine the weights was valid, and the coefficients werae

tsed to wsight the gtations in-

ERTWA = {(PREGUAJATACAC(O 43) + FRELARES(H.z&))> !

(0.43 + 4 26

Effec of Tine
*Eegr G-1. PRIWA with 1SEA

BrIi870Q) = —3._48, F = 812 ¢ 3.84 at 0.05 sign

*
m
™

L)
(o]
(]
L+
Fry

LOW with I3EQ
BOLISEQ: = 033, F = 0.197 ¢< 3. .84
Time may have had a negative effect upan rainfall

duting the period studied, but the avidenece its very

cuest ionakles . There has been no apparent effect on FLOW,
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Land Use as Pradictor of FLOW -
"Ragr Gw3. FLOW with PREWA, EVAP, USOT
R 59 = 34%, D-W = 1. 84
for USOT: r sg = 0 0%%
B = 0.030
F = 0 .232 ¢ 3 86 at §.05 sign
*Regr G-4. FLOW with PREWA, EVAP, 1S8SEQ
R sq = 34. 5%; P-W = 1.859%
for ISEQ r sq = o 4%%
B = 0.070
F = 1.31 < 3 B4 at 0.05 sign
While the approximate rate of change of sugar cane . <
1cfeage in the hasin showeg no effect on FLOW, the time proxy
for ‘rnd use changes, ISEQ, does 2 better, zlthough
inconclusive, job.
Land Use as Fredictor of RATIO
*Regr G-5: RATIGC with EVAP, USOQT é

R 59 = 0.7%;: DB-W = 1. 77
for USOT: r sq = 0.52%

B

It

0.073

i
n

D.%33 < 3 86 at 0.05% sign
*Regr G-46: RATIO with EVAP, I1SEQ

R g = 1.33%,; D-w

L}

-
~3
=2

for 18EQ: r sq = L.14&%

F = 2.08 ¢ 3.86 at 0.0%5 sign:
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As above, WUSOT 135 of no value, but, through ISEG, the
current Jland use changes can be considered, with a
probability of areund 75%, to have had a positive influence

on RATIO.

NRIO CULEBRINAS

BASIN ANALIBYS

Variables

FLOW: the volume of water passing at a point
between Han Sebastian and Moca, mnear the Quebrada
Morones, 1%67-1974;, corrected by adding the anount
reported as extracted for the city of 2an Sebastian.

EVAF - average evaporation cycle at the Adjuntas
Substation, which is bayond the bastin, but in a similar
climatological regien

Us0T: acres of sugar cane (8,262 in 19%49%; 12,490

in 196%, 7,560 in 1975

Commants

Hydrolegy: This watershed comprises a wet region which
includes parts of Lares and of San Sebastian. There are no
major dams :n this river and no knewn significant extraction
of suvhsurface water.

.and Use Changes: The prevailing land use here has

remzined sugar cane, with some ioss since 1949 to pasture
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and urbanization.

Sampie Size

There are BY months of data, all with corrected flows.

RECRESSION RESULTS

Ztation Contributien to FLOW
There was avuailable one station on the basin §5an
Sebastian’ and two just beyond {(Lares near the headwaters,
and Colose near the mouth, beyvond the flow station usad). A
regivsslon produced valid coefficients, which were used as . .«
weights in
FREWA = (FRESESLBASTIAN(G.65) + PRECOLOS0D(D.04)> +

PHELARES(D .09 / <D .45 + 0.04 + O %

Effect of Time
*Regr Cu-1: PREWA with ISEQ
BC{IBEQY = ~-0.137%; F = 1.7t ¢ 3.%6 at S% sign
*Regr Cu~i: FLOW with ISEQ'
B(ISEQ) = 0.803; F = 0.0401 <¢ 3 94
Time seaems 2o have a questionable effect upon rainfall,
anid no effect upon the vaolume of water cartied. The sign of
the rainfall indicates an exzpectation-consistent probable

decline

Land Use as Predictor of FLOW
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*Negr Cu-3: FLOW with PREWA, EVAP, USOT

R s5g = 49.8%, D-W = { 17
for USOT: r sq = 0.5%
B = -0.073
F = .B&7 ¢ 3 %46 at 0.05 sig
*Regr Cu-4: FLOW with PREWA, EVAP, [SEQ
R sq = 50.5%; D-W =t _20
for ISEQ: t sq = L 2%
B = 0 112 :
F = 2.0844 ¢ 3.94
in this case, based on B? months of corrected flow,
UHEOQT, the acveange dedicated to sugar cane, has had a3 very
questionable, negative effect, if 2t all. ISEQ has a2
stronger positive effect, but which is still inconclusive.
The inadequate Durbin-Watson statistic points out at

the facf that the variance of the residual increases

significantiy with time; this violates one of the

PY maithematical assumptions on which regression is based and
affrots the reliability of these Culebrinas results. An
edaminarion of a scattetgram_of the residuals points out at

the poesibirlity of a non-linear relatienship in this case.

Land Use as Predicteor of RATIO
*Ragr Cu-5: RATIO with EVAP, USOT
R s = 17 3%, D-W = 0.727

for USOT: I 5 = 9 5%

B = -0 .31




F o= 3 BE » 5 & at 0 035 siun
*Feaqr Cu-3 AATIZ wi:th EVAP, IBEQ
R 53 = 17 0% L-W = & 714
far LORG r osq = 8. 17%

r - &.34 : 2.96 3t 0.03% s:ign

it mey 2e congcluded. alithaugh under doubts cast by the

sutsroerrtelarien indrocated By the Durbin-Witson statisti

]

tnsi, x5 time has passed, the ratio of fiow/precipitation

has 1n-reased sagnifrcantly. Since the effect of the

shangas im suwgsry ane acrexge, which peaked dyring the

gorted stodred, 1o siightiy strofnger than that of the linaar
Ui L ORTY tmne weight of land use change upen RATIO 13
el e d

FEaNu.. +ma amount of water passing near the mouth
ef tne Tsauitas River, Just beycnd the oity of Caguas,

{9p6-tii2. cuctecied by adding the amounts reported as

aiczoted f.r the sity of Cagias
EVAF the asverage evaporation eyele measured at
s e Nupdbe Substatiasn,. inst beyoend the wztershed and

within ithe =ame -limetclogical rejiaen
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Thiwm wet argar 1z draitned by ths Loeizga and
tts tributaries. fthe Cavaguas and the Turabe Rivers:
PLiSsEHs a3 serge valiey and 1t's pncirgling mauntalns,

+7 vhe 1sland’s mzin divida.

and ‘fse Thenges Th:s waterched 1ncludes mcocst of

T
2
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San Lopenzo its prevailing fand use wzs
fomal iy 3ugsr cane 1M the jowiands, with tobacee and
fops sn the mountains The main changes during the
studined wae ithe disappearance of tobaces, the

cone by pasturaes, and of hoth by

rn
L

Sra apa 2l Nmuwil-oaBRsesufove months of data, all with

cnowith suffigrent Jdats for thu

2d fivw perioed within the basin, San Lorenzc, and one

Side, but relavtively well placed, Cidra. Gther staticns

have exis1:4 im that basin have had very poor records
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te simpie regiaessions showad Lhe

']

dearweée ot sorrelaticen aof the gtatiesn regimes to corrected

RV

¢t be very simi:iar, 3% the coefiicrents used for
t:ng FRHEWVA were

PPFEWA = <(PRLCIiDARA+ PRESLIURENES: f

rt

FRegr L—i . FREWA with IS8LG

ZVIBEQY = 6.0&Z, F o= 10% << 4 00 a2t 5% sign.

sRedgr L-12 PLOW with [SLG
BfIZEEd: = 0,272, F = 0.2%7 {4t 94:.00 at 5% sign

vv sbove regressions show no svidence of either

s ad filow or precipitstisan diminishing with time

dse 25 Fredioctor of FLOW

*Regr L3 FLOW wailth PREWA, EVAP,  UEOT

oLy

T osS s P9 T, D% o= 417

-
i

P
i
]
|
o
A

it
[ |
L3
o
ES

FReIr - FLOW writh PREWH, ZVAF, IBEQL
§ o4q 4 BE i% O-% = 211
ot THED roxg o= 0 14&%

by
I
i

= 0 .372 <7 4,30 at F% sign

ke wffagct of Beorh land use proxias upon river flow for

= neglig:bie and has ne statistical significance.




I Page 37
L
e Lom:s Wee oo Fredicicr af BATIO
“Tegr LS DATID e DVAD Us0T
KoL o= 113, W = 2 3%
Faep WaBT, r oa8qg = &.4%
B = .0 %%
o= 5.5% 3 5 I% at 1% sign
Apegr L-g RATIC with EVAF, I13E5
' Kosg o= 7.52%; D-W = %z 22
v L5RD, ros3 = &.%%
|.l E = & ZsiZ
¥ = 4.48 » 4 00 at 5% gign
. fJ Boin land uwse changa vartlabies sndicdate a significant
@

srg il abively strong relationship with the run-—-off
Joportian prody., RATIOC The appreximate rzte of change of
SHQsi Cdnle acreage has a s, :ghtlv moere signifionant effect

than e !fime gproxy

SUMITARY TF ZECHESSIONM RESULTSE

23'3 of The hypotNesis that rainfall and river flow

have baen Jecresasing wilh time.

ALl *he bas:ns give results which show a tendency
sewsrds 2 deciine 5f rainfall with time., but the
Fratisictal srgyarfilecance is not econclusive.

Fliow
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ehgservation s by :tself imconciusive, even 1if it
wet2 Torruborsted be fact, because flocding can ba

Borestrlit o nf sauses other than increased flow. )

in all f(ive basins, at iezst ona of the
vartables which represent the rate of land use
chznge has a probability of ovaer 70% of having a
Figarifcant (non-zero! eff{ect upen the proepertion
¢t run-off, represented by the flow/precipitation
rat g, In twe of the basins, ihe stgnificance
frulabiliitly 15 over 5%

in the two well-defined, uniform-climate

Basins, Zulebrinac

w

nd Loiza, USCT {sugar oane

-
2ereage’ had a negative effect upon RATIO,
f4:i3atiy higher thanm the ¢ppesiie sign effact of
I3Ed. wi-h both prouxres beihg cver 95%
sianzficant . culebrinas, however, shows 2z

simezbie autccsrralation problem with possibility

inear relzticnships among the regression

" :
i o sl i
doAt A L2

‘n fhe Suatataca River basin, which includes
.o okarst asrs3 of ungefined boundaries. SUgat
caaw Acreade change had noe significant effect; the

ins=d4: proxy, 1380, had gniy 70%. and its effeect

was, a8 alove, positive

[3

At the dryer fasins, the significances of the




lard use varizbles were 0% at Jacaguas fer the &
negziive ofiect ot corn acrease change with IS8Eu
Aat sran frocant: and shout TE% a3t Noameo for a

simgaie. linear wvarizile having 2 pos:tive effect

anen RATIC.
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fevier is something which is net wel} specified by
west 2: the shroniclers, and, especially in the southern
part ¢f the jsiand, velume of flow varies markedly with the
Y A caepet stady cen try to determ:ine the season in
wih*eh 3 chroniclar saw and described a river by using other
shfoermarion in the accounts, such 25 the falk celebrations
ind the agrievitural sycles. Some of the chroniclers,
Gowever, Appear fo have obtained local 1nformation to
“uipplement the:r chservations, which makes their accounts

rreuvltural history data is from (%%, with
ittesd inferred from the foundaticn dates of the v
ed 11 each 27 the hasins .

nce the Scientific Inveniory Section of the Depattment
#5ources zatends its detailed land use data bank

osnmiinae oore years ‘it oniy has one completed at

-

il

B}

pER

fins
.
Lo

A o-or

piesent®, a mere reliable regression analysis may be run.

The hierarchical inc

[

usion procedure parfoIms a4 seriaes

2f rejrassions 1nto which the independent variables arae
™ tiiciuded 1m the oreer specified by the numbers in the

Tracheals. first, a simple regression is carried out with

tust The f10 wariabla;, second, a multiple regression is

perfo-mad .nte whizh the <2 wvariable i3 added, and so on.
in prerfsrad whenevar .he structure of the systam is5, as
tn thiis cass. either khiswn or hypothesized
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CLECRIPTIONS OF THE SELECTED KIVERS AMD THEIR EASIMN LAND USE

tSee Mote 2

Rie Cibuco

This river comes down frem the Montanas de Corozal and

cssas a karst arss3 before discharging through the goastal

gis.n into the Atlantic QOcean.

Triie humid olimate region 1s supposed to have beaen
zlrost zsimpletely forestad 'm pre-historic times. During
thae fzxiter t18th Zentury, deforestation fer cattle ranges,
siball wraled agriswlitural plf)ts'and use of wood became
SrAaT. in the 19th century, the practice became extensive

o arder Y make way for sugar cane i1n the lowlands and for
cofitere and tcbhacco in the sloepes Except for isclated areas

of Larst brush, deforestation became zimost complete during

the ti1rst part of this cenitury, with sugar cane and firawood
a% *he main mclives In the more rtecent years, cane has
given w3y to eonsideratlie urban growth and to pastures,

crifea znd toba~ce have yiefded acreage to mInoer crops,

pastures and spontaneous reforestation.
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Ric Bavamon

This river cuns etraight maorth from the Cordiilera
Central, sSratiang 2 penneploin and crossing a hilly area
with scme limestons, befsre dizoharging onto the edge aof 3San
Juar Bazy
Thiz humid cltmate regien is supposed to have been
zlmort completely foreszted in pre-historic times. During
the 17th and 18th Centuries, deforestation for cattilie
tanges, small scales agricultural plots and use of wood
* bacame common. Bince the i1é4th Century there had been sugar
" heoie- das at fhe banks, but they were small units. In the
17th Lentury, daeforestation became extensive in order to
& moke wWay (or £4y3ar cane in the lowlands and coffee and
toldacso in the headwater slopes The hasiendas near the
monih used the river for transpertatian. Except for 3 few
\
® teoiated areas of limestone, delforestaticn became almost
complete during the first part of this century, with sugar
crne and firewocd as the main motives in thie more receant
veal s, sYgaf sane has csoampletely g1ven.way to suburban
sufowi and pasiures; ccffee and tobaceco to small creps, to
pasturas and L0 spontanecus reforestation
There 15 3 MmimOI raservoir, he Lago de Cidra, at the

Rio Bayamon hNezdwaiecrs

Rio Culebrinas

fite river fdrains a valley that runs east-west between
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hagmt:d basin. just southiwest
m the Caribbean Saa

in-oads since the tate 1700's, ats
sugar sane in the jowiands arcund

mtury, while sn the highlands they

&« decadezs. Tahance, coffea,
were *he prewailing ltand use on the

completely dominzted ths lowlands

Fecently, sugat -aneg has been
ains, di=piaced from thae low hiills

~f the flzt land by industry and

agtyras 3Ind mMinasr Crops

"t

Dt Manati

lazge. homid hasim Itis headwalters
goe oR the Cordillera Zentral 1t
s:da and & KaTst 3reas betfore

ia Geean through & flat valley

w
]

vily forested until there taaok

of the same nature as in cother
zrt of the 18th Ceniury Its flocd

'

sugz:e plantations and its mountains
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CVERVILW T RECREBEIION ANALYETS
THET LINFAR RECRESSICM MODEL
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freedom?,
Thus,

F =1.72 ( 2. 85 at .03
means that the statjstic F for the specific B is
less than the F whioh beloengs to & significance
level of .05, which is aqual to 2.85 for the

corresponding degrees of freedom.

RESIDUAL ANALYSIS
In order to verify if the basic regression assumptions
of linearity, equal distribution of restduals and
independenca of residual vafiance are met, we have used:
¥ direct examination of residuals by means of
scattergrams
* the Durbin-Watson statistic, which indicates
autocorrelation: the value assumed by the dependent
variable in one sequenced case is a significant
ptedictor of the néxt case's value:
If D-W = 2, then autocorraelation = 0
If:
1.6 ( D-W (2.4,

the degree of autocorrelation is being taken here as

acceptable.
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